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Abstract

This study evaluates the potential of immobilized artificial membrane (IAM) chromatography, in combination with other physicochemical
descriptors for high-throughput absorption profiling during lead optimization. An IAM chromatographic method was developed and validated.
Absorption profiles of 32 structurally diverse compounds (acidic, basic, neutral and amphoteric) were then evaluated based on their IAM
retention factor (logk′ ), molecular weight (MW), calculated logP (C logP), polar surface area (PSA), hydrogen bonding capacity (HBD and
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BA) and calculated Caco-2 permeability (QPCaco). Using regression and stepwise regression analysis, experimental Caco-2 p
as correlated against logk′

IAM and a combination of various physicochemical variables for quantitative structural-permeability relat
QSPR) study. For the 32 structurally diverse compounds, logk′

IAM correlated poorly with Caco-2 permeability values (R2 = 0.227). Stepwis
egression analysis confirmed thatC log, PSA, HBD and HBA parameters are not statistically significant and can be eliminated. Cor
etween Caco-2 cell uptake and logk′

IAM was enhanced when molecular size factor (MW) was included (R2 = 0.555). The exclusion of 1
ompounds (paracellularly and actively transported, Pgp substrates and blocker, and molecules with MW lesser than 200 and grea
mproved the correlation between Caco-2 permeability, IAM and MW factors toR2 value of 0.84. The results showed that IAM chromatogra
an only profile the passive absorption of drug molecules. Finally, it was confirmed in this study that the IAM model can accuratel
he Caco-2 permeability of nontransported Pgp substrates, such as verapamil and ketoconazole, through passive permeation be
igh permeability. IAM chromatography, combined with molecular size factor (MW), is useful for elucidating biopartitioning mecha
rugs.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Most commercially available drugs are administered
rally as this noninvasive method is the preferred route of
rug administration. To elicit their pharmacological and ther-
peutic effects, drug molecules first have to enter the sys-

emic blood circulation, which requires the passage through
he barrier membranes of the gastrointestinal tract. There
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are two possible pathways for permeation, the transce
route (including passive diffusion, carrier-mediated up
and receptor-mediated endocytosis) and paracellular
(passive diffusion via tight junctions). Most of these dr
are absorbed across the intestinal mucosa by passive
sion via transcellular route[1].

The prediction of drug-membrane permeability is imp
tant during the lead optimization stage of drug discov
The experimental difficulty, high cost and low-throughpu
volved in screening lead compounds in animals for oral
absorption have led to the development of several in vitro
diction models. These models generally measure lipop
ity, as it directly influences the degree of membrane p

021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2005.03.006



160 E.C.Y Chan et al. / J. Chromatogr. A 1072 (2005) 159–168

tioning and hence passive transcellular transport of solutes
[2].

Permeation (Pm) of a drug through membrane is directly
proportional toDm andKm:

Pm = DmKm

L
(1)

whereDm is the membrane diffusion coefficient of the solute,
Km the membrane partition coefficient of the solute andL is
the membrane thickness (a constant). Drug permeability is
difficult to measure, thus it is simpler to estimatePm based
onKm. Drug permeability varies less withDm that is in turn
influenced by the drug molecular size.

Caco-2 model has been previously reported to be predic-
tive of oral absorption in humans[1,3]. The membranes of
Caco-2 cells have useful properties for correlation with in
vivo data and are used to study active transport, efflux mech-
anisms, paracellular and transcellular diffusion and metabolic
activity during absorption[4,5]. However, the validation of
the integrity and proper functionality of the Caco-2 cells
monolayer is often tedious and not straightforward. Another
commonly used in vitro model is then-octanol/water par-
titioning system. Solute partitioning usingn-octanol/water
system (i.e., the logarithm of partition coefficient, logP) is
however only useful, when polar group interactions between
the solute and the phospholipid bilayers are minimal or absent
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tigated [7,15,16]. Solute partitioning into liposomes (K′
m)

and IAMs (k′
IAM ) is virtually identical for the 23 compounds

tested[7]. Both K′
m and k′

IAM were correlated with solute
partitioning inton-octanol/water system only when nonpo-
lar interactions between solutes and membranes dominate the
membrane binding energy. Performance of logk′

IAM was also
shown to be as good as or even better than that of the reference
hydrophobicity parameters (logPand logD) in predicting bi-
ological activity (IC50 binding)[17,18].

Besides correlating very well with drug pharmacokinetic
parameters, IAM chromatography has shown good correla-
tion with transport of drugs across Caco-2 cells[15,19], T
cells [19], and intestinal tissue[15,20]. One important find-
ing from Ong et al. was that IAM chromatography always
gives better correlations than ODS chromatography orn-
octanol/water partitioning systems on modeling the interac-
tions of drugs with fluid membranes[15]. Although a diverse
set of 11 compounds was used, Ong et al. did not consider
any other physicochemical descriptors during the correlation
study. Stewart et al. demonstrated that correlation between
Caco-2 uptake and logk′

IAM was improved, when molecu-
lar weight and hydrogen-bonding potential were included in
multivariable regression analysis[19]. The results indicated
the importance of physicochemical properties in data corre-
lation. However, the homologous series of drugs selected in
that study was limited in their number and chemical diversity.
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6]. It lacks structural similarities to cell membranes, refl
ng only the hydrophobicity of a compound and is not s
ble for highly polar and ionic compounds[7]. Chromatog
aphy with octadecylsilica (ODS) as stationary phase m
ls then-octanol/water partitioning system[8]; and the mea
urement of its partition coefficients (Koct) is comparatively
imple. However, ODS chromatography inherits the s
imitation as then-octanol/water system. In contrast, fluid
osome system exhibits structural similarities to biolog
embrane. Many quantitative structure-activity relation

QSAR) studies have successfully correlated drug activ
ith drug liposome partition coefficients[9–12]. Useful re-

ention data for prediction of drug absorption can be obta
y chromatography of drugs on immobilized liposome
iomembranes of heterogenous compositions[13]. However

he use of liposomal system is experimentally laborious
ow-throughput, thus prohibiting large-scale screening.

Immobilized artificial membrane (IAM) as another a
roach of measuring partition coefficients consists of ord
hospholipid surface that supports drug-membrane part

ng based on lipophilicity and electrostatic interactions
onsists of a monolayer of phospholipids covalently bo
o an inert propylamine-silica support, thus this surface
ains one-half of the membrane bilayer[14]. Since IAM ade
uately models drug-membrane partitioning, this chrom
raphic method has been suggested to be an accepted

or predicting the drug transport across the intestinal m
ranes. The correlation between IAM and other lipophili
arameters determined byn-octanol/water partitioning, OD
hromatography and liposomal partitioning had been in
l

n another study by Genty et al., correlation between pa
ermeabilities of drugs in rat intestines and logk′

IAM was en
anced when molar volume was considered as an addi
escriptor[20]. The findings underscored the importanc
hysicochemical parameter consideration during absor
ata correlation. The data were not derived from correla
ith Caco-2 uptake that is in turn accepted as the prim
bsorption-screening tool during pharmaceutical lead s

ion and optimization.
As an alternative to Caco-2 model, the availability o

igh-throughput complementary drug absorption scree
ethod may be desirable for early candidate profilin
rug discovery. This study aims to develop and validat

AM chromatographic technique using a HPLC/UV sys
nd evaluate its potential as a predictive tool for passiv

estinal absorption of drugs when used in combination
hysicochemical descriptors, such as molecular size, h
en bonding and polar surface area (PSA). Among com

ational methods, molecular polar surface area is a u
arameter for prediction of drug transport properties[21].
olar surface area of a molecule is defined as the ar

ts van der Waals surface that arises from oxygen o
rogen atoms or hydrogen atoms attached to oxygen o
rogen atoms. PSA has been shown to correlate very
ith the human intestinal absorption, Caco-2 monola
ermeability, and blood–brain barrier penetration[21–23].
set of 32 drugs from about 10 therapeutic areas, con

ng of neutral, acidic, basic and amphoteric compound
elected to cover a fair range in molecular size and c
cal diversity. logk′

IAM values of these 32 compounds g
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erated using the established IAM chromatographic tech-
nique were subsequently correlated with Caco-2 absorption
values (literature and experimental), with and without the
inclusion of physicochemical descriptors, using linear and
multiple stepwise regression analysis. The findings of the
study and their implications are elaborated in the subsequent
sections.

2. Experimental

2.1. Chromatographic system

The stainless-steel column is an IAM.PC.DD.2
(150 mm× 4.6 mm, particle diameter 12�m and pore
diameter 300̊A) purchased from Regis Technology (Morton
Grove, IL, USA). The retention measurements were per-
formed by HPLC using a Waters Delta 600 pumping system
and a Waters Controller equipped with a Waters 2487 dualλ

absorbance detector (Waters, Milford, MA, USA).

2.2. Chemicals

The following chemicals were of analytical grade and
used without further purification: acetaminophen, acetyl-
salicylic acid, ampicillin, atenolol, caffeine, captopril, car-
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quired, processed and reported using the Waters Empower
software.

2.4. IAM capacity factor (k′
IAM) profiling

Using IAM chromatography to measure the partition co-
efficient between the aqueous mobile phase and the IAM
bonded phase only requires measurements (in min) of the
solute retention time (tr) and the column dead time (t0). A
nonretained compound, such as citric acid, is used to deter-
minet0. From the retention time of the analyte and the column
dead time, the solute’s capacity factork′

IAM can be calculated
using the following equation:

k′
IAM = tr − t0

t0
(2)

The capacity factor,k′
IAM is linearly related to the equilib-

rium partition coefficient,K′
IAM :

K′
IAM =

(
Vm

Vs

)
k′

IAM = Φk′
IAM (3)

whereVm is the total volume of the solvent within the IAM-
HPLC column,Vs the volume of the IAM interphase created
by the immobilized phospholipids, andΦ (=Vm/Vs), the phase
ratio is a constant for a given column.

The HPLC system was conditioned by passing the mobile
p was
c able
U . Re-
t d,
b sing
0 alues
w -day
v eter-
m

ue,
t tra-
d each
c ds,
m 20
t d, the
l BS
m
v by lin-
e a-
s difier
i

2

nor
( hy-
d arti-
t ht
T is-
s cal-
amazepine, cephalexin, chloramphenicol, cimetidine
lofenac, diltiazem, etoposide, hydrocortisone, ibuprofen
omethacin, ketoconazole, labetalol, lucifer yellow, pindo
rednisolone, procaine, propranolol, quinidine, ranitidine

ampicin, salicylic acid, tamoxifen, terfenadine, testoster
erapamil, vinblastine, phenol, 3-nitrobenzoic acid, b
oic acid, 3-nitroaniline, potassium chloride, sodium c
ide, potassium phosphate, sodium dihydrogen phosp
rtho-phosphoric acid and methanol. High-purity water
roduced using a Millipore Milli-Q system (Bedford, M
SA).

.3. Chromatographic conditions

The eluents were either 0.01 M phosphate buffer s
PBS) at pH 7.0 (2.7 mM KCl, 137 mM NaCl, 1.5 m
H2PO4 and 8.1 mM Na2HPO4) or mixtures of methano
nd PBS at various compositions. The flow rate at 1.0 ml
as used throughout the study. The organic modifier

he aqueous phase were degassed by sparging inert h
t a rate of 60–100 ml/min. Capacity factors on the I
olumn (k′

IAM ) were determined with eluents at pH 7.0
imic the physiological pH and be compatible with the
ility of IAM stationary phase. The chromatography w
arried out isocratically at room temperature (about 23◦C).
tock solutions (0.5 mg/ml) of compounds were prepare
BS or methanol. The solutes were diluted suitably be
nalysis with PBS and the dilution factors were betwe
nd 10 times. The injection volume was 10–30�l. UV de-

ection was monitored at 210 and 254 nm. Data were
hase for 5 min at a flow rate of 10 ml/min. The flow rate
hanged to 1 ml/min to equilibrate the column and a st
V baseline was observed before injecting the samples

ention times (tr) and logk′
IAM values of 3-nitrobenzoic aci

enzoic acid, phenol and 3-nitroaniline were obtained u
.01 M PBS as eluent on 3 separate days. Triplicate v
ere obtained for each compound on each day. The intra
ariations and inter-day variations of these data were d
ined for method validation.
Using the established IAM chromatographic techniq

he logk′
IAM values for 32 compounds were determined. In

ay variation of solute retention times was calculated for
ompound. For the elution of the more lipophilic compoun
ixtures of methanol/PBS at compositions ranging from

o 80% organic modifiers were used. For each compoun
ogk′

IAM value at a particular composition of methanol/P
ixture was determined under that condition. The logk′

IAM
alues at 100% aqueous phase were then extrapolated
arly plotting the logk′

IAM values (averages of triplicate me
urements) against the percentage (v/v) of organic mo
n the eluent mixtures.

.5. Physicochemical descriptors profiling

Molecular weight (MW), number of hydrogen bond do
HBD), number of hydrogen bond acceptor (HBA) and
rophobicity parameter or calculated octanol–water p

ion coefficient (C logP) were calculated using Daylig
oolkit from Daylight Chemical Information Systems (M
ion Viejo, CA, USA). Polar surface area (PSA) was
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culated using topological PSA or TPSA from Chemin-
formatics at Novartis Pharma (Basel, Switzerland). Cal-
culated Caco-2 cell permeability or QPCaco was mea-
sured using QikProp from Schrödinger (Portland, OR,
USA).

2.6. Caco-2 permeability assay

Cell culture media and buffer components were purchased
from GibcoBRL (Invitrogen, Paisley, UK). HTS Transwell-
24 plates (insert with 6.5 mm diameter, 0.4�m pore size,
polycarbonate membrane, cell growth area 0.33 cm2) were
purchased from Corning Costar (Corning Incorporated Life
Sciences, Acton, MA, USA). Caco-2 cells were purchased
from ATCC and maintained in Dulbecco’s Modified Eagle
Medium (DMEM) containing 10% FBS, 1% nonessential
amino acids, and 2 mM freshl-glutamine at 37oC in an
atmosphere of 5% CO2 and 95% relative humidity. Cells
were passaged at 80–90% confluence (every 3–4 days) us-
ing Trypsin–EDTA solution. Caco-2 cells were used at pas-
sage numbers 31–42 and seeded with 1× 105 cells/cm2. Cells
on the inserts were incubated in the same culture condi-
tions as above with the change of growth medium every
48 h.

Absorption was measured as the apparent permeability
coefficient (Papp) of transport in the apical to basolateral
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Lucifer yellow, a fluorescent marker for the paracellular
pathway, was used as an internal control in every test to ver-
ify tight junction integrity of the monolayer during the assay.
Caco-2 monolayers with lucifer yellow Papp >1× 10−6 cm/s
were not used in compound Papp calculations. A set of ref-
erence compounds, propranolol, labetalol, ranitidine, and
vinblastine, were used to quality control the assay. The
Papp (in 10−6 cm/s) was calculated according to the formula
Papp = (�Q/�t)/(AC0) where�Q/�t is expressed in mmol/s,
A the surface area of the cell monolayers (in cm2), and C0 is
the initial concentration of the compound on the donor side
(in mmol/cm3).

2.7. Statistical methods

logk′
IAM values of the 32 drugs were correlated with their

respective Caco-2 absorption values. Linear and multiple
stepwise regression (MLR) of Caco-2 absorption values with
logk′

IAM values were performed and examined with the in-
clusion of the physicochemical descriptors using Minitab
14 statistical software from Minitab (State College, PA,
USA).

3. Results and discussion
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c e re-
p elute
w min)
u y are
s tion
v
e ess
t four
r
v icat-
i hod.
I hase
u pro-
d ese
f d us-
i en-
z ere
2 ture

T
I ns of lo iline

C tr (mi

3 2.6
B 2.1
P 9.9
3 15.7
irection. Assay was performed with cell monolayers
ured for 13–25 days after seeding. Cells were fed with f
rowth medium 1 day before experiment. On the experim
ay, cells were allowed to adapt for the assay buffers
t least 30 min at 37oC in an atmosphere of 5% CO2 and
5% relative humidity. The assay was performed in a

ransport incubation period with 0.2 ml/insert of the ap
uffer (Hank’s Balanced Salt Solution HBSS Gibco 140
92, 0.35 g/l sodium bicarbonate, 5 mM Mes, pH 6.5) c

aining 50�M testing compound and lucifer yellow, a
ml/well the basolateral buffer (HBSS, 0.35 g/l sodium
arbonate, 5 mM Hepes, pH 7.4). All compounds were
ared at 10 mM in DMOS or H2O and tested in six replica
onolayers. Monolayers were incubated at 37◦C in an atmo

phere of 5% CO2 and 95% relative humidity with 50 rp
haking during 2 h transport. Samples were collected
6-well plate, 50�l from donors collected at time 0 and 2
00�l from receivers collected after 2 h incubation. Sam
ere read at 485 nm excitation and 530 nm emission fo
ifer yellow and then quantified by LC/MS (Waters Allian
795 and Micromass ZQ single-quadrupole mass spec
ter).

able 1
ntra- and inter-day variations of retention times (tr) and inter-day variatio

ompounds (n= 3) tr (min) [intra-day (mean± S.D.)]

-Nitrobenzoic acid 2.65± 0.003
enzoic acid 2.11± 0.004
henol 9.60± 0.002
-Nitroaniline 15.24± 0.2
.1. Validation of IAM chromatographic technique

Reference compounds, benzoic acid, 3-nitrobenzoic
henol and 3-nitroaniline, were used for validating the I
hromatographic technique with respect to retention tim
roducibility. These compounds were selected as they
ithin a reasonable short period of time (less than 16
nder 100% aqueous mobile phase condition and the
table and readily available. As computed from the reten
alues (mean± S.D.) in Table 1, solute retention times (tr)
xhibited an intra-day coefficient of variation (C.V.) of l
han 2% and inter-day C.V. of less than 6% for all the
eference compounds. Subsequently, the calculated logk′

IAM
alues exhibited an inter-day C.V. of less than 8%, ind
ng a good reproducibility and robustness of the met
t was noted that thorough degassing of the mobile p
sing helium sparging was paramount in generating re
ucible chromatographic profiles. A test-mixture of th

our reference compounds was prepared and analyze
ng the HPLC/UV system. The mean retention times of b
oic acid, 3-nitrobenzoic acid, phenol and 3-nitroaniline w
.12, 2.68, 9.84 and 15.73 min, respectively. This test-mix

gk′
IAM values of 3-nitrobenzoic acid, benzoic acid, phenol and 3-nitroan

n) [inter-day (mean± S.D.)] logk′
IAM [inter-day (mean± S.D.)]

4± 0.05 −0.30± 0.03
2± 0.004 −0.67± 0.03
1± 0.4 0.67± 0.03
6± 0.8 0.90± 0.02
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was used for system validation during future IAM applica-
tions.

3.2. logk′
IAM profiling

Fig. 1 illustrates the structures of the 32 drugs being ex-
amined. The set comprises acidic (acetylsalicylic acid, capto-
pril, diclofenac, ibuprofen, indomethacin and salicylic acid),
basic (atenolol, carbamazepine, cimetidine, diltiazem, keto-
conazole, labetalol, lucifer yellow, pindolol, procaine, pro-
pranolol, quinidine, ranitidine, tamoxifen, terfenadine, ver-
apamil and vinblastine), amphoteric (ampicillin, cephalexin
and rifampicin) and neutral (acetaminophen, caffeine, chlor-
amphenicol, etoposide, hydrocortisone, prednisolone and
testosterone) compounds.

Compounds like carbamazepine, chloramphenicol, di-
clofenac, diltiazem, etoposide, hydrocortisone, ibuprofen, in-
domethacin, ketoconazole, labetalol, pindolol, prednisolone,
procaine, propranolol, quinidine, ranitidine, rifampicin, ta-
moxifen, terfenadine, testosterone, verapamil and vinblas-
tine did not elute within a reasonable time (∼10 min) with
100% aqueous mobile phase and the addition of various
methanol percentages (%) to the eluent was needed. This
approach of extrapolating logk′

IAM was well established
and reported[19,20]. In our study, a linear relationship be-
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that it may be adopted by different laboratories for consistent
absorption profiling.

3.3. Quantitative structure-permeability relationship
(QSPR) of 32 diverse compounds

All experimental Caco-2 absorption values, summarized
in Table 3, are obtained from literatures[3,25–30], except for
diclofenac, procaine and vinblastine, in which their Caco-2
values were determined in-house. Although evaluating calcu-
lated Caco-2 permeability is not an objective in this project,
we were interested to determine if these values were near
to the experimentally determined ones. Correlation of calcu-
lated Caco-2 permeabilities (QPCaco) to experimental Caco-
2 values was relatively poor (R2 < 0.387) and it indicated that
the prediction of experimental Caco-2 permeabilities using
QikProp approach might not be accurate. As such, QPCaco
value, that ought to be interpreted prudently, was not used
for regression analysis against logk′

IAM or C logP in our
study.

Regression analysis of log Caco-2 versus logk′
IAM for the

diverse set of 32 compounds generated the following equa-
tion:

log Caco-2= 0.375(0.213; 0.088)

I -
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F are
t c-
t pec-
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p ,
0 find-
i lated
w
l al-
y ous
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n f
t
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i cross
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t om-
p acid
( were
f re-
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p nes,
ween logkIAM and methanol percentages was found
ll drugs over the range of the eluent composition ex

ned. Ther2 values for all linear regression plots were lar
han 0.93 (3-methanol/PBS mixtures). As an illustrat
able 2shows the retention times (mean± S.D.) of ampi-
illin at different compositions of methanol, namely 20,
nd 60%. The logk′

IAM values of ampicillin at different pe
entages of methanol were calculated using the respe
ean retention times. The final equation used to extrap

he logk′
IAM of ampicillin at 100% aqueous mobile pha

s:

ogk′
IAM = −0.0182y − 0.0908 (4)

n this equation,yrepresents the percentage of methanol.
xtrapolation method proved to be suitable as logk′

IAM value
f ampicillin measured at 100% aqueous phase (−0.068)
as close to the logk′

IAM value determined by the extra
lation method (−0.091). Other compounds that are retai

onger than ampicillin provided similar correlation betwe
ctual measurement and extrapolation.Table 3shows the log
rithms of the capacity factors (logk′

IAM ) extrapolated to o
easured at 100% aqueous phase. Solute retention tim
ibited an intra-day C.V. of less than 3% for all 32 co
ounds. This indicated the high reproducibility of the IA
rofiling method. Furthermore, logk′

IAM values generated
his study for testosterone, procaine, caffeine, hydrocorti
nd propranolol were found to be comparable to the va
btained by Valko et al.[24]. This highly comparable inte

aboratory IAM data further underscores the ruggednes
eproducibility of IAM profiling technique and demonstra
-

+ 0.386(0.130; 0.006) logk′
IAM ,

n = 32, R2 = 0.227, s = 0.745, F = 8.79 (5)

n this equation,n is the number of compounds,s the stan
ard deviation,R2 the squared correlation coefficient a
is the FisherF-statistic. The figures in parentheses

he standard deviation andP-values of coefficients, respe
ively. Regression analysis of log Caco-2 against the res
ive C logP, MW, HBD, HBA and PSA generated similar
oor squared correlation coefficients (R2) of 0.214, 0.061
.160, 0.207 and 0.256. These results differ from the

ngs of Stewart et al. in that log Caco-2 was better corre
ith the respective hydrophobicity measures (C logP, logD,

ogk′
IAM and logk′

C18) in their permeability regression an
sis [19]. This difference could be due to the homolog
eries of drugs used in their study, that were limited in t
umber and chemical diversity[19]. The poor statistics o

he regression analyses in our study showed that logk′
IAM

nd the other physicochemical parameters could not be
ingly to predict the Caco-2 permeabilities of drugs. T
s not unexpected as the transport of drug molecules a
he biomembranes is a complex process influenced by
actors.

In the regression analysis of log Caco-2 against logk′
IAM ,

he experimental log Caco-2 values of three of the four c
ounds with molecular weights less than 200 (salicylic
138.1), acetaminophen (151.2) and caffeine (194.2))
ound to lie above the linearly fitted line. This may be
ated to the concurrent paracellular diffusion of these c
ounds through the tight junctions of the biomembra
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Fig. 1. Chemical structures of 32 test compounds.
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thus accounting for the higher experimental log Caco-2 val-
ues. These lower molecular weight compounds are known
to tend to cross the membrane via the paracellular path-
way. On the other hand, the experimental logk′

IAM values
of compounds with relatively larger molecular size (etopo-
side (588.6), rifampicin (823.0) and vinblastine (811.0))
were found to lie below the linearly fitted line. This re-
flected a stronger binding of these molecules to the phos-
phatidylcholine groups of the artificial membranes leading
to “longer than expected” in-column retention. It may be in-
duced from these results that IAM profiling may not be suffi-
cient to account for the partition of these molecules across the
biomembranes.

In the stepwise regression of log Caco-2 against logk′
IAM

and the other physicochemical parameters (C logP, MW,
HBD, HBA and PSA), The following regression equation

Table 2
Retention times (tr) of ampicillin at different methanol composition

Percentage of methanol composition (%) tr (min) [mean± S.D.]

20 2.36± 0.0125
40 2.06± 0.00625
60 1.87± 0.00665

with the best statistics was obtained:

log Caco-2= 1.220(0.245; 0)+ 0.666(0.117; 0) logk′
IAM

−0.00344(0.000744; 0)MW,

n = 32, R2 = 0.555, s = 0.575, F = 18.11 (6)

These results showed thatC logP, HBD, HBA and
PSA variables are not statistically significant, and there-

Table 3
IAM capacity factors and physicochemical variables of 32 test compounds

Compounds C logP logk′
IAM log Caco-2 QPCaco MW HBD HBA PSA

Acetaminophena 0.494 0.346 1.83059b 1046.66 151.2 2 3 49.33
Acetylsalicylic acida 1.023 −0.0442 0.380211c 35.50 180.2 1 4 63.6
Ampicillina −1.204 −0.0684 −0.377675d 1.409 349.4 3 7 112.73
Atenolola −0.109 0.628 −0.10791d 50.02 266.3 3 5 84.58
Caffeinea −0.040 0.230 1.88195d 3007.03 194.2 0 6 61.82
Captoprila 0.890 −0.834 −0.815308e 71.79 217.3 1 4 57.61
C 72 2328.33 236.3 1 3 46.33
C 29c 1.19 347.4 3 7 112.73
C 2 130.24 323.1 3 6 112.7
C 68c 353.68 252.3 3 6 88.89
D 5 106.40 296.2 2 3 49.33
D 7 765.61 414.5 0 6 59.08
E 74g 74.833 588.6 3 13 160.83
H 3 157.82 362.5 3 5 94.83
I 6
I 3
K 1
L 9
L 78d 5
M 0h 8
P 2
P 4
P 5
P 9
Q 3
R
R
S
T
T
T
V
V

arbamazepine 1.980 1.634 1.845d

ephalexina −1.640 −0.125 −0.3010
hloramphenicol 1.283 1.212 1.2095d

imetidinea 0.351 0.875 −0.1307
iclofenac 4.726 2.282 1.8142f

iltiazem 3.647 2.449 1.4329d

toposide −0.34 1.555 −0.1817
ydrocortisone 1.697 1.562 1.2068d

buprofen 3.679 1.281 1.7201c

ndomethacin 4.180 2.019 1.3096c

etoconazole 3.102 2.288 1.5185d

abetalol 2.500 1.900 1.0681d

ucifer yellowa −6.846 −0.680 −0.5228
annitola −2.046 −1.872 0.30103
indolol 1.671 1.074 1.2227c

rednisolone 1.423 1.648 1.3263g

rocaine 2.538 0.986 1.2405f

ropranolol 2.753 2.404 1.4712d

uinidine 2.785 2.461 1.3096d
anitidine 0.630 0.984 −0.229147d

ifampicin 3.770 2.881 0.294466d

alicylic acida 2.187 −0.0417 1.62221c

amoxifen 6.818 1.651 0.1673173d

erfenadine 6.073 1.110 0.737987d

estosterone 3.219 1.990 1.85896i

erapamil 4.466 2.726 1.29447d

inblastine 5.227 2.555 0.705008f

a Compounds had their retention times measured at 100% aqueous phase
b Literature Caco-2Papp (cm s−1, ×10−6) were cited from ref.[25].
c Literature Caco-2Papp (cm s−1, ×10−6) were cited from ref.[26].
d Literature Caco-2Papp (cm s−1, ×10−6) were cited from ref.[27].
e Literature Caco-2Papp (cm s−1, ×10−6) were cited from ref.[28].
f Caco-2Papp (cm s−1, ×10−6) were determined in-house experimentally.
g Literature Caco-2Papp (cm s−1, ×10−6) were cited from ref.[29].
h Literature Caco-2Papp (cm s−1, ×10−6) were cited from ref.[30].
i Literature Caco-2Papp (cm s−1, ×10−6) were cited from ref.[3].
143.46 206.3 1 2 37.3
58.09 357.8 1 5 68.53
3816.89 531.4 0 8 69.06
54.43 328.4 4 5 95.58
0.10 443.4 4 14 244.9
6.01 182.2 6 6 121.3
312.91 248.3 3 4 57.28
123.25 360.5 3 5 94.83
208.61 236.3 1 4 55.56
612.30 259.3 2 3 41.49
2722.83 324.4 1 4 45.59

186.75 314.4 2 6 83.58
4.55 823 6 16 220.15
58.40 138.1 2 3 57.53
2494.28 371.5 0 2 12.47
689.61 471.7 2 3 43.7
1980.96 288.4 1 2 37.3
1490.71 454.6 0 6 63.95
20.25 811 3 13 154.1

.
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fore they can be excluded. The logk′
IAM parameter, to-

gether with the size parameter (MW) gave an enhanced cor-
relation (R2 = 0.555) as compared to using logk′

IAM alone
(R2 = 0.227). The negative dependence of log Caco-2 on the
molecular size, as reflected by the MW coefficient, can be
rationalized based on the inverse relation that exists between
the diffusion coefficient of a solute and its molecular weight.
The statistical quality of Eq.(5) is not optimal and accounts
for 55.5% of the variance in log Caco-2. This result shows
that the use of logk′

IAM and size parameter is not sufficient
to predict the partition of a chemically diverse set of drug
molecules that cross the biomembranes either by active or
passive transported process.

3.4. Modeling biopartitioning of passively transported
compounds

Due to the nature of the system, absorption profiling of
drug candidates using IAM technique only generates infor-
mation on their passive absorption. It would not be applica-
ble to compounds that are actively transported and effluxed
(e.g. by the ATP-dependent P-glycoprotein (Pgp) transporter-
mediated process). Despite this, IAM would still be useful to
the pharmaceutical industry for passive absorption profiling,
as many pharmaceutical drugs are absorbed across the in-
t oute
[
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outside the linearly fitted curve (Table 4). These compounds
consist of actively transported drug (salicylic acid), paracel-
lularly transported drugs (acetaminophen, atenolol[31], caf-
feine, cimetidine[31] and ranitidine[31]) and Pgp-mediated
drugs (cimetidine[32], terfenadine[33], vinblastine[34,35],
tamoxifen[35], ketoconazole[36] and verapamil[37]). Ta-
moxifen is a known Pgp blocker. Using the monolayer ef-
flux, ATPase and calcein-AM assays, Polli et al.[37] fur-
ther classified the Pgp substrates into unambiguous substrates
(terfenadine and vinblastine), transported substrates (cimeti-
dine) and nontransported substrates (ketoconazole and vera-
pamil). The unambiguous substrates demonstrated positive
outcomes for the three assays while the transported sub-
strates were positive for monolayer efflux assay and nega-
tive for either ATPase or calcein-AM assays. The nontrans-
ported substrates were positive for both ATPase and calcein-
AM assays and negative for the efflux assay; these substrates
also demonstrated high passive permeability (Papp A−B >
300 nm/s).

For the first stepwise regression analysis, the actively
transported (salicylic acid), paracellularly transported (ac-
etaminophen, atenolol, caffeine, cimetidine and ranitidine),
low and high molecular weight compounds (acetaminophen,
acetylsalicylic acid, caffeine, rifampicin, salicylic acid and
vinblastine), transported and unambiguous Pgp substrates
(cimetidine, terfenadine and vinblastine) and Pgp blocker
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In the second part of the stepwise regression analysis,
ounds that have established transport mechanisms s
aracellular transport and active Pgp efflux and compo
ith extreme molecular size (MW lesser than 200 and gr

han 800), are excluded from regression analysis sequen
Table 4). The objective is to test the relevance of logk′

IAM
nd/or other physicochemical parameters in the predi
f passive absorption of drug. Molecular size was also
idered here as it was established in our earlier regre
nalysis that molecular size is of prime importance in Ca
ermeability determination. Molecules with low (below M
00) and high (above MW 800) molecular weights tend to

able 4
ompounds excluded during stepwise regression analysis and the as

ompounds Transport mechanism

cetaminophen Paracellular
cetylsalicylic acid
tenolol Paracellular
affeine Paracellular
imetidine Paracellular
etoconazole
anitidine Paracellular
ifampicin
alicylic acid Active transport
amoxifen
erfenadine
erapamil
inblastine
a P-glycoprotein classification is based on ref.[37].
s

tamoxifen) were excluded. It may be noted that tamox
cts as a non-competitive inhibitor[37]). Its transport ma
e deviated from passive permeation in Caco-2 experim
specially if the compound is tested at low concentratio

After deletion of the abovementioned compounds, the
owing regression equation with the best statistics was
ained:

og Caco-2= 1.133(0.289; 0.001)

+ 0.732(0.0781; 0) logk′
IAM

−0.00348(0.000808; 0)MW,

= 21, R2 = 0.840, s = 0.359, F = 47.35 (7)

ed factors that impact their biopartitioning

Molecular size P-glycoprotein clasa

MW < 200
MW < 200

MW < 200
Transported substrate

Nontransported substra

MW > 800
MW < 200

PGP blocker
Unambiguous substrate
Nontransported substra

MW > 800 Unambiguous substrat
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These results showed consistently thatC logP, HBD,
HBA and PSA variables are not statistically significant. The
negative dependence of log Caco-2 on the molecular size was
also reflected by the MW coefficient. The statistical qual-
ity of Eq. (6) has significantly improved (reduced standard
deviations of coefficients and better correlation factor) and
accounts for 84% of the variance in log Caco-2. The results
underscore the importance of logk′

IAM and molecular size
parameters in describing Caco-2 permeability for passively
transported compounds. A recent report discussed that hy-
drogen bonding, an important factor in liposome or biomem-
brane partitioning, played only a minor role in IAM retention
[16]. This is, however, not consistent with our results as HBD
and HBA are not significant in our regression analysis and
our data indicated that electron pair donor-acceptor interac-
tions such as hydrogen bonding may be accounted by IAM
binding.

Verapamil is a Pgp substrate and is the standard commonly
used in Caco-2 Pgp transport studies[27]). While ketocona-
zole has a low affinity for Pgp (∼2�M), it does not show
up as Pgp substrate in Caco-2 cell transport studies[27]). It
has been identified as Pgp substrate in other membrane and
cell-based assays[37]). Nonetheless, both verapamil and ke-
toconazole were found to fit the regression line relatively well
in this study. Stepwise regression analysis with additional ex-
clusion of these two drugs generated the following equation:

l
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ing IAM and physicochemical parameters. The results indi-
cated the importance of IAM and molecular size variables
in measurement of biopartitioning. Other physicochemical
variables such as HBD, HBA and PSA, were found to have
less influence in describing the Caco-2 absorption. An opti-
mal squared correlation coefficient (R2 = 0.840) was obtained
after stepwise regression analysis with the exclusion of com-
pounds that are transported actively/paracellularly, affected
by Pgp efflux mechanism and compounds that have molec-
ular weight lower than 200 and higher than 800. It was also
determined that molecules that are nontransported Pgp sub-
strates with high passive permeability demonstrate a good
fit with our IAM model. IAM chromatographic technique is
useful in the early profiling of drug candidates, thus reducing
the number of actual Caco-2 cell experiments needed. The
correlation model described by Eq.(8) may be applied to the
prediction of Caco-2 permeability of compounds that cross
cell membranes mainly by passive diffusion. However, it was
demonstrated in this study that several factors could influence
the prediction of passive absorption by IAM chromatography.
Hence, IAM retention factors have to be interpreted and cor-
related carefully as some drug candidates that have certain
physicochemical properties may be potential outliers.
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. Conclusions
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