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Fluid cell membranes are the main barrier to drug absorption when diffusion limits uptake.
Immobilized artificial membranes (IAMs) are solid phase models of fluid membranes that
predicted oral drug absorption in mice for a homologous set of cephalosporins. IAMs also
predicted drug permeability through Caco-2 cells. Since drug permeability in Caco-2 cells is
known to correlate with the oral absorption of drugs in humans, IAMs may also model drug
absorption in humans. IAM analysis is experimentally simple, and large-volume screening of
experimental compounds for drug absorption is possible,

With the current emphasis on home managed care,
noninvasive methods of drug delivery are a highly
desired property of new drug candidates. Oral drug
delivery is the preferred route of drug administration,
and screening experimental compounds for oral drug
absorption in animals requires extensive experimental
effort. Both the experimental difficulty and costs as-
sociated with animal studies prevent the evaluation of
many compounds during the drug discovery process. To
circumvent the problems associated with animal models,
a number of in vitro models for predicting oral drug
absorption have been developed.1=® The drug discovery
process usually requires evaluating many compounds
for their oral absorption, and in vitro models facilitate
the screening of compounds for their potential absorp-
tion when given orally.

It is well-known that the major absorption barrier to
drugs given orally is the gastrointestinal cell mem-
branes and that most drugs given orally are absorbed
across the intestinal mucosa by a passive diffusion
mechanism.* Thus the cell membrane (Figure 1A)
comprises the main “biological barrier” for drug diffusion
that results in the absorption of most commercially
available drugs (Figure 1B). Equilibrium drug parti-
tioning into fluid membranes, K, is frequently a rate-
limiting step in drug absorption, and liposomes have
been used as a model to measure K,,, Immobilized
artificial membranes (IAMs) shown in Figure 1C are a
model of liposome membranes, and drug partitioning
into liposome membranes was accurately predicted
using IAMs.6 Since IAMs predicted drug partitioning
into fluid liposome membranes, we tested the ability of
IAMs to predict drug transport through membranes.

Permeation, Pp, of a drug through membranes is
directly proportional to K’
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where Dp, is the membrane diffusion coefficient of the
solute and L is the membrane thickness (~30 A for the
hydrocarbon domain of the bilayers). Although K, is
the major source of variation to drug permeability,
passive drug diffusion through cell membranes also
depends on Dy,. Furthermore, Dy, significantly depends
on the molecular size or molecular weight of the drug.
As molecular weight increases, Dm dramatically de-
creases such that very few if any commercially available
drugs have high molecular weights.”® In fact, most
drugs given orally are smaller than the size of mem-
brane lipids that create the barrier to drug absorption
(Figure 1B), and the majority of drugs exhibit sufficient
lipophilicity to allow membrane permeability. Figure
1B reflects an enormous amount of current research
dollars, and ignoring the molecular weight dependence
of drug absorption has contributed in part to the number
of false starts in the drug discovery process. False starts
in drug discovery are frequently the result of side effects
or toxicity, but ignoring the molecular weight depen-
dence of drug absorption may also lead to false starts.

Chromatographic models to predict drug absorption
are experimentally much easier than cell culture models
and animal models. IAMs are a chromatographic model
of the membrane lipid environment of cells.?"11 As
shown in Figure 1C, the head group of the membrane
lipids are depicted as balloons tethered to a “hydrocar-
bon string”. Octadecyl (ODS) reversed phase chroma-
tography columns have been used as models, but ODS
surfaces contain only hydrocarbon chains; consequently,
ODS surfaces can only model octanol/water partitioning.
Because IAMs contain the polar head group of lipids as
the first contact site between the drug and the surface,
the IAM surface is obviously a better chromatographic
model of the membrane lipid barrier than the ODS
surface. We note that mobile phase optimization is
routine for ODS chromatography to obtain the best
correlations; however, optimization is not performed
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Figure 1. (A) The phospholipid bilayer is the main barrier for the diffusion of drugs across absorption barriers found in the
gastrointestinal tract. (B) A histogram showing the molecular weight distribution of ~400 commercially available oral drugs.
When the size of a compound is larger than phospholipid molecules, the compound is not absorbed to any significant extent
unless active transport processes exist for the compound. Drugs that have molecular weights above ~750 Da are high molecular
salts. (C) IAMs are intended to emulate cell membranes. Immobilized phospholipids are depicted as balloons tethered to a string.
The strings without balloons near the silica floor are C10 and C3 alkyl groups.
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Figure 2. Correlation of drug intestinal permeability (Pn) through Caco-2 cells with drug partitioning to " TAM.PC®%C3 columns
(log k'1am). Figure 2A shows that log P, correlates with log k’iam with r = 0.740. Figure 2B shows that replotting the data after
correcting for the dependence of Dy, on molecular weight improves the correlation to r = 0.854. MW are given in parentheses after
the chemicals. P, was measured by Artursson et al.* The retention times (g, in minutes) on IAM were measured on a 15 cm x
0.46 cm *therTAM.PCC19C3 column using a mobile phase of 0.01 M PBS buffered at pH 7.4. k’jaq was calculated from k'iam =
(tr — to)/t,, where t, is the retention time of an unretained compound, i.e., citric acid. Complete details of IAM chromatography

are available.®

with the JAM analysis because 100% aqueous mobile
phase is used to elute the compounds. For compounds
with long retention times, an extrapolation method is
used as described below.

Regarding nonchromatographic models, the human
intestinal Caco-2 cell line has provided an in vitro
cellular epithelium model to predict the intestinal
permeability of drugs.2=5 Artursson et al.* have shown
that drug permeability in the Caco-2 cell model can be
used to predict drug absorption in humans, and thus
the Caco-2 cell model can be used to screen for drug
absorption prior to clinical trials. Figure 2A shows the
correlation of the logarithm of the capacity factors (k'1am)
of 11 drugs measured on an ©herJAM PCC19C3 ¢olumn
with the logarithm of the intestinal permeability coef-
ficients (Pp) of the 11 drugs through Caco-2 cells as
measured by Artursson et al. 42? For this group of 11

structurally diverse drugs, log k’1am correlates with log
P,, with a linear correlation coefficient r = 0.762.
Although the capacity factor k’iam is directly propor-
tional to K, k'1am does not model drug diffusion Dy, in
the membrane. Dy, depends on molecular weight (MW),
and Dy, is often corrected for the effect of molecular size
on diffusion according to'6

D_ =< 1/V" (2)
where V is the molar volume of the drug molecule and
n is a constant. Assuming the MW is proportional to V
and n is set to 1, then to a first approximation Dy, is
inversely proportional to 1/MW. Converting k'1am to
k'1am/MW and replotting the data in Figure 2A signifi-
cantly improves the correlation r = 0.854 (Figure 2B).
On the basis of Figure 2, drug partitioning to IAMs, as
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7. benzoic acid (94.0)

8. phenol (122.0)

9. acetanilide (135.2)

10. antipyrine (188.2)

11. theophylline (180.2)

12. acetylsalicylic acid (180.2)

Figure 3. Correlation of rat intestinal drug absorption with drug partitioning to an *hrTAM.PCC1C? ¢olumn (log &’1an) or ODS
column (log &'ops). log (% int abs) correlates with log £'1am with r = 0.791 (A), but does not correlate with log ®k’ops, 7 = 0.1 (B).
Parts A and B of Figure 3 show the data replotted after correcting for the effect of molecular weight on D,. MW is given in
parentheses after the chemicals. The intestinal absorption of the drugs from rat small intestine were measured by Schanker et
al.! and the effective pH at the surface of the intestinal epithelial is about 5.4.128 IAM capacity factors, k’iay, were measured on
a 15 em x 0.46 cm **TAM PCC1%C3 column using a mobile phase of 0.01 M PBS buffered at pH 5.4. The ODS capacity factors,
k’ops, were measured using the same aqueous mobile phase; however, a 3 cm x 0.46 cm column was used because the retention
times were very long and a shorter ODS column (relative to the IAM column) was needed to elute the solutes in a reasonable

amount of time.

measured chromatographically, correlates very well
with the intestinal permeability of drugs measured in
the Caco-2 cell model, particularly if corrections for the
size of the drug molecules are made.

To further evaluate the usefulness of IAM chroma-
tography, a comparison was made of 12 drugs evaluated
by Schanker et al. using a perfused rat small intestinal
model! which measures the percent absorption (% int
abs) at the actual tissue site. For this group of struc-
turally diverse molecules, the correlation of log (% int
abs) vs log k1am was r = 0.791 (Figure 3). For
comparison, the accepted ODS chromatographic method
for measuring lipophilicity was also used and a correla-
tion of r = 0.10 was obtained using the same aqueous
mobile phase (Figure 3B). Correcting for the depen-
dence of D, on molecular weight, both the IAM column
(Figure 3C) and ODS column (Figure 3D) have improved
correlations, but the ODS model still gives such a poor
correlation that it is not useful for predicting drug
absorption.

Using 11 structurally related cephalosporin analogs,
IAM chromatography also predicted oral absorption in
mice. Figure 4A shows that log k'iaym correlates well
with log (% oral abs) with r = 0.941, whereas an ODS
column gave a correlation of r = 0.890 (Figure 4B).

Although IAM chromatography is slightly better than
ODS chromatography, the key finding is that the
evaluation of drugs by IAM chromatography is much
easier than ODS chromatography. This is because the
capacity factor data in Figure 4 are for mobile phase
conditions that are completely aqueous. Some com-
pounds require acetonitrile for elution, and the capacity
factors from several isocratic elutions at different
acetonitrile concentrations were necessary. Linear
extrapolation of plots of log (capacity factor) vs log (%
acetonitrile) gives the capacity factor at 0% aceto-
nitrile.!” This extrapolation method was needed for 9
of the 11 drugs on the ODS column and only 2 of the 11
drugs on the IAM column. Thus the IAM column not
only gives a better correlation than ODS columns
(Figure 4), but IAM chromatography usually does not
require the tedious data collection needed for extra-
polation to 0% acetonitrile.

An important finding from this study and our earlier
work® is that IAM chromatography always gives better
correlations than ODS chromatography or octanol/water
partitioning systems regarding (i) the prediction of
solute transport through any biological barrier, and (ii)
modeling the partitioning of drugs to fluid membranes.
In support of this, the intestinal transport of 11 struc-
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Figure 4. Correlation of oral drug absorption in mice with drug partitioning to an #hJTAM PCC1/C3 column (log k’1am) or ODS
column (log k’ops). %'1an and k’gps were measured on a 3 cm x 0.46 cm *hrTAM.PCC/C3 column and a 3 x 0.46 cm ODS column,
respectively, using a mobile phase of 0.01 M PBS buffered at pH 7.4 except for compounds 1 and 2 for et TAM,PCC%C3 column
and compounds 1-8 and 10 for ODS column, which did not elute with an aqueous phase. For the compounds not eluting with an
aqueous mobile phase, four concentrations of acetonitrile were used as isocratic mobile phases and linear plots of log &’; vs x were
extrapolated to the x coordinate to obtain &’1am Or &’ops that theoretically corresponds to 0% acetonitrile. All data given represent
k’ values corresponding to 100% aqueous mobile phases. Oral absorption of these drugs was measured as described.?”?

turally unrelated drugs (Figure 3) was predicted by IAM
chromatography but not ODS chromatography. The
oral absorption of 11 structurally similar drugs (Figure
4B) gave acceptable correlations when modeled on either
ODS or IAM columns, but IAM chromatography gave a
better correlation, and in addition, the experimental
data was much easier to obtain. Our previous studies
demonstrated that (i) for structurally similar hydropho-
bic drugs, IAM and ODS chromatography as well as
octanol/water partition models correlate well with the
membrane partition coefficient Ky, but (ii) for structur-
ally nonrelated compounds, K, does not correlate with
K, and/or k'1am.6 A review of chromatographic methods
that are used to model biological partitioning has been
recently published.18

On the basis of our previous studies that IAM surfaces
correlates with other in vitro methods such as liposome
partitioning f the present study demonstrates that IAM
surfaces correlate with biological methods. For ex-
ample, drug partitioning into IAM surface was predic-
tive of oral drug absorption in mice for a series of
cephalosporin analogs. Furthermore, partitioning into
IAM surfaces correlated well with the permeability of
Caco-2 monolayers for a group of structurally diverse
clinically used drugs. Moreover, the permeability of
Caco-2 cells for these compounds had been previously
shown to be predictive of oral absorption in humans.*
Thus, IAMs may be useful as an early predictor of drug
absorption in humans. In addition to bioavailability
predictions, drug pharmacokinetic parameters correlate
very well drug log &’ values obtained on IAM columns.1?

Limitations of IAM Chromatography in
Predicting Bioavailability

Drug absorption is a complex phenomena. Numerous
factors contribute to the fraction of the administered
dose that reaches the blood. Factors that decrease the
absorption of drugs include poor dissolution of the
compound, drug precipitation at the absorption site,
chemical and bacterial degradation at the absorption
site, and the first pass metabolism in the intestinal cells
and the liver. Incorporating all of these factors into a
single model for predicting drug absorption is virtually
impossible. However, the ideal starting point for drug
formulation should be to utilize compounds that have
the potential to be transported. Obviously drugs cannot
be transported if they are degraded or insoluble. How-
ever, it is sometime critical to identify which compound
in a homologous series has the best chance of being
absorbed. Thus, early in drug discovery a key question
concerns the membrane transport properties of drug
candidates. The role of IAM chromatography thus
resides early in the drug discovery process because drug
partitioning to JAM columns can predict whether the
compound has favorable transport properties (this as-
sumes the compound is in solution). IAM chromatog-
raphy is simple, accurate, and can provide key infor-
mation about the potential transport properties of new
compounds during the drug discovery process. In sum-
mary, the key concept being evaluated by IAM analysis
refers to the question, “If a compound is in solution, will
the compound be transported through biological mem-
branes?”
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Another limitation of the IAM method is that some
compounds will be actively transported or transported
by a paracellular pathway and IAM chromatography
will not identify these compounds. To address the
potential of identifying compounds that are actively
transported, we are purifying membrane proteins re-
sponsible for peptide transport from intestinal cells with
the intent of immobilizing these proteins on IAM
surfaces for screening. In other words, immobilized
membrane transporters may function as affinity col-
umns for identifying high and low binding substrates
of the transporter. IAM surfaces have been used to
purify membrane proteins?0-23 and immobilize enzymes
in functional forms.2425

Acknowledgment. This work was supported by the
NIH (AI33031), the NSF (CTS 9214794), and Eli Lilly
and Company.

References

(1) Schanker, L. S.; Tocco, D. J.; Brodie, B. B.; Hogben, C. A. M. J.
Pharmacol. Exp. Ther. 1958, 123, 81—-88.
(2) Hidalgo, 1. J.; Raub, T. J.; Borchart, R. T. Gastroenterology 1989,
96, 736—749.
(3) Hilgers, A. R.; Conradi, R. A.; Burton, P. S. Pharm. Res. 1990,
7, 902—-910.
(4) Artursson, P.; Karlsson, J. Biochem. Biophys. Res. Commun.
1991, 175, 880—885.
(5) Artursson, P.; Ungell, A.; Lofroth, J. Pharm. Res. 1998, 10,
1123—-1129.
(6) Ong, S.; Liu, H.; Qiu, X,; Bhat, G.; Pidgeon, C. Anal. Chem. 1995,
67, 155—762.
(7) Stein, W. D. Transport and Diffusion across Cell Membranes;
Academic Press: Orlando, 1986.
(8) Cohen, B. E.; Bangham, A. D. Nature 1972, 236, 173—174.
(9) Pidgeon, C. U.S. Patent 4,927,879, 1990.
(10) Pidgeon, C. U.S. Patent 4,931,498, 1990.
(11) Pidgeon, C.; Venkatarum, U. V. Anal. Biochem. 1989, 176, 36—
47.
(12) Rhee, D.; Markovich, R. J.; Chae, W. G.; Qiu, X.; Pidgeon, C.
Anal. Chim. Acta 1994, 297, 377—386.
(13) Qiu, X.; Ong, S.; Bernal, C.; Rhee, D.; Pidgeon, C. J. Org. Chem.
1994, 59, 537—543.
(14) Ong, S.; Cai, S. J.; Bernal, C.; Rhee, D.; Qiu, X,; Pidgeon, C.
Anal. Chem. 1994, 68, 782—792.

Pidgeon et al.

(15) Pidgeon, C.; Ong, S.; Choi, H.; Liu, H. Anal. Chem. 1994, 66,
2701-2709.

(16) Xian, T.-X.; Anderson, B. D. Biophys. J. 1994, 66, 561—-573.

(17) Schmidt, D.; Votaw, J. H.; Kessler, R. M.; De Paulis, T. J. Pharm.
Sci. 1994, 83, 305—315.

(18) Dorsey, J. G.; Khaledi, M. G. J. Chromatog. A 1993, 656, 485—
499.

(19) Kaliszan, R.; Nasal, A.; Bucinski, A. Eur. J. Med. Chem. 1994,
29, 163—170.

(20) Cai, S.; McAndrew, R. S.; Leonard, B. P.; Chapman, C.; Pidgeon,
C. J. Chromatog. A 1994, in press.

(21) Pidgeon, C.; Cai, S.; Bernal, C. J. Chromatogr. A 1994, submit-
ted

(22) Pidgeon, C.; Stevens, J.; Otto, S.; Jefcoate, C.; Marcus, C. Anal.
Biochem. 1991, 194, 163—173.

(23) Otto, S.; Marcus, C.; Pidgeon, C.; Jefcoate, C. Endocrinology
1991, 129 (2), 970—982.

(24) Chui, W. K.; Wainer, 1. Anal. Biochem. 1992, 201, 237—245.

(25) Zhang, X.-M.; Wainer, 1. W. Tetrahedron lett. 1998, 34, 4731—
4734.

(26) LaDu, B. N.; Mandwl, H. G.; Way, E. L. Fundamentals of Drug
Metabolism and Drug Disposition; The Williams & Wilkins
Co.: Baltimore, 1971, p 31.

(27) Eudaly, J. A.; Hornback, W. J.; Johnson, R. J.; Jordan, C. L,;
Munroe, J. E.; Wright, W. E.; Wu, C. Y. E. In Recent Advances
in the Chemistry of Beta-Lactam Antibiotics; Bently, P. H.,
Southgate, R., Ed.; The Chemical Society, Burlington House:
London, 1989; pp 333—349.

(28) Counter, F. T.; Eudaly, J. A.; Hornback, W. J.; Johnson, M. E.;
Johnson, R. J.; Jordan, C. L.; Kasher, J. S.; Munroe, J. E.; Quay,
J. E.; Spaur, T. G.; Wright, W. E;; Wy, C. Y. E.; Zornes, L. L. In
29th Interscience Conference on Antimicrobial Agents and Che-
motherapy, American Soceity of Microbiology; Houston, 1989.

(29) The ether]AM.PCC10/C3 column was prepared by covalently im-
mobilizing a single chain ether phosphatidylcholine (PC) ligand
on silica propyl amine, followed by encapping with a long chain
(decanoyl) anhydride (C10) and a short chain (propionyl) anhy-
dride (C3).1? It should be noted that more than 20 different IAM
columns were prepared over the last 4 years.®~15 To avoid
confusion on which IAM column should be used for the purpose
of drug screening, the manufacturer (Regis Technologies Inc.)
has prepared an IAM.PC.DD column for drug discovery studies
using JAM columns. In our previous work the IJAM.PC.DD
column was denoted as 6JAM.PCC10C38 Solute retention data
on etherTAM PCCL0C3 columns are identical to solute retentions
on GJAM.PCC10/C3 columns.® Most of our IAM work for method
development is performed on 12 um particles, but to improve
column efficiency, IAM.PC.DD columns are prepared from 5 um
silica particles.

JIM9407141



