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Introduction. Drugs are most commonly adminis-
tered orally, and several biopharmaceutical, biochemi-
cal, and physiological factors will affect the drug fraction
absorbed from the intestine (Fa). The biopharmaceutical
factors of importance are stability, solubility (dissolu-
tion), and intestinal permeability. Since in vivo inves-
tigations of Fa in humans and animals are time-
consuming and somewhat difficult to perform, there is
a need for predictive in vitro models. For compounds
being passively absorbed, Fa can be predicted using, for
example, Caco-2 cells,1 animal perfusion,2 tissue diffu-
sion,3 liposome chromatography,4 liposome partitioning,5
and IAM (immobilized artificial membranes) chroma-
tography6 or with an assay based on microtiter filter-
plates covered with lecithin.7 Recently, several studies
have shown that Fa can be predicted from molecular
properties calculated by computational methods.8,9

Most cell line approaches can only be used to predict
passive transcellular diffusion. Active transport is only
quantitatively predictable when carrier proteins are
expressed in a sufficient amount in a cell line model.
Experimental biological methods rely on the develop-
ment of analytical procedures where the final detection

is based on UV spectroscopy, mass spectrometry, or
radiometry of labeled compounds. In addition, chro-
matographic techniques may have shortcomings, such
as long retention times and/or peak broadening for
lipophilic substances. The lack of a general detection
method can also be a problem.

We describe here a new method to estimate the
fraction of a drug absorbed in the human intestine based
on biosensor technology. Liposomes are attached to a
sensor surface, and the interactions between drugs and
liposomes are monitored directly using surface plasmon
resonance (SPR) technology. The phenomenon of SPR
is sensitive to changes in refractive index at the sensor
surface caused by changes in mass. The detection of an
interaction does not therefore require chromophoric or
radiolabeled compounds as do some other methods. Data
obtained from this new method seem promising for use
in the prediction of passive transcellular transport
across the intestine, the most common drug absorption
mechanism.

Results and Discussion. The 27 compounds used
in this study (Table 1) were selected since reliable
estimates of the human Fa values were available.1,2,9-14

These compounds were classified according to their
transport mechanism across the intestinal membrane
(Table 1). Seventeen of the compounds were assumed
to be absorbed transcellularly (t) (across the intestinal
membrane), six of the compounds were absorbed by
utilization of the paracellular (p) pathway (between the
cells), and two were actively transported by carrier-
mediated mechanisms (c). Two compounds were classi-
fied as using a combination of two transport routes. All
compounds were also classified based on their degree
of absorption (Table 1). Seventeen compounds with Fa
> 70% were classified as highly absorbed (h), five
compounds with Fa values between 30% and 70% as
moderately absorbed (m), and five compounds with Fa
values < 30% as having low absorption (l).7 The 27
compounds had molecular weight values ranging from
60 to 504 Da.

BIACORE 3000 and Sensor Chip L1 were used to
measure the interaction between liposomes and com-
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pounds. POPC (palmitoyl-oleoyl-phosphatidyl-choline)
and POPC/GM1 (95/5) liposomes were attached to flow
cells 4 and 3, respectively, and flow cells 1 and 2 were
used as reference surfaces (Figure 1). Ganglioside GM1
was incorporated during liposome preparation to mimic
a cell surface in which sugars are common components.
During injection of a compound the SPR signal shows
the binding of the compound to the liposomes, and at
the end of injection, it shows the release of the com-
pound from the liposome surfaces (Figure 2). Com-
pounds were injected at a concentration of 500 µM.

The overlay plot in Figure 2, showing typical sensor-
grams, demonstrates that steady-state levels are rapidly
achieved and that there is a rapid release of compounds
from the liposome surfaces. The response level after 80
s from start (nearly steady state) was used as a measure
of binding in this study and is reported in Table 1. The
strongly interacting drugs produced visually identifiable
dissociation events.

Figure 3 shows the correlation between the signals
from POPC/GM1 and POPC surfaces. The correlation
is high but not equal to 1, which may indicate that
additional information can be gained by using surface-
modified liposomes. For example, differences in lipid
headgroup charges may influence binding properties.
The POPC surface has no net charge in contrast to the
POPC/GM1 where the carboxylic group in GM1 creates
a negative net charge to the lipid surface. In this
particular case the graph indicates that POPC/GM1 has
a slightly better resolution between l/m and m/h drugs.
The discussion below is therefore based on the interac-
tion between compounds and POPC/GM1 liposomes.
Eleven out of the twelve transcellularly absorbed com-
pounds with high intestinal absorption (Fa > 70%) gave
signals ranging from 100 to 1200 RU. Antipyrine, which
is classified as having high absorption, only gave a

signal of 12 RU. The four transcellularly absorbed
compounds classified as having medium absorption (Fa
) 30-70%) gave signals in the range 40-100 RU.

Table 1. Drug Classification Data and Biosensor Results from POPC and POPC/GM1 Liposomes

drug abbreva Fa (%)b Fa•Clc transpd POPC/GM1e POPCe MWf

desipramine Desi•ht 100 h t 1199 1009 266
verapamil Vera•ht 100 h t 1056 780 455
propranolol Prop•ht 100 h t 839 683 259
alprenolol Alpr• ht 96 h t 480 297 249
sulfasalazine Sulf•lt 12 l t 348 241 398
pindolol Pind•ht 92 h t 314 142 248
oxprenolol Oxpr•ht 97 h t 277 120 265
naproxen Napr•ht 100 h t 183 109 230
metoprolol Meto•ht 95 h t 179 82 267
carbamazepine Carb•ht 100 h t 144 70 236
terbutaline Terb•ht 73 h t 117 47 225
ketoprofen Keto•ht 100 h t 101 62 254
hydrochlorothiazide Hydr•mt 55 m t 95 60 298
furosemide Furo•mt 50 m t 92 56 331
sulpiride Sulp•mt 36 m t 78 47 341
atenolol Aten•mt 54 m t 38 24 266
antipyrine Anti•ht 100 h t 12 19 188
tranexamic acid Tran•mpt 55 m pt 14 20 157
amoxicillin Amox•hct 90 h ct 9 17 365
foscarnet Fosc•lp 17 l p 62 32 126
raffinose Raff•lp 0.3 l p 34 24 504
lactulose Lact•lp 0.6 l p 29 22 342
mannitol Mann•lp 26 l p 29 22 182
urea Urea•hp 100 h p 26 23 60
creatinine Crea•hp 100 h p 13 22 113
L-leucine Leuc•hc 100 h c 11 18 131
D-glucose Gluc•hc 100 h c 10 18 180

a Abbrev: abbreviation combining name, Fa classification, and transport mechanism (see below). b Fa (%): fraction absorbed in humans
(refs 1, 2, 9-14). c Fa•Cl: Fa classification: h ) high, m ) medium, l ) low. d Transp: transport mechanism: t ) passive transcellular,
p ) passive paracellular, c ) carrier mediated. e POPC/GM1 and POPC: binding level for POPC/GM1 and POPC liposomes. f MW:
molecular weight.

Figure 1. (a) Changes in SPR as a result of a change in mass/
refractive index at the sensor surface indicate the binding of
the drug candidate. In a BIACORE system individually and
serially addressable flow cells allow simultaneous analysis
from four positions on the surface. The drug is injected over
the four flow cells, and the SPR system generates four
sensorgrams. The signal from the reference surface is sub-
tracted from that of the liposome surface to give a differential
sensorgram (Figure 2). (b) Different liposomes are captured
on alkane tails covalently attached to a dextran matrix.

2084 Journal of Medicinal Chemistry, 2000, Vol. 43, No. 11 Communications to the Editor



Finally, sulfasalazine, the only transcellularly absorbed
compound classified as having low absorption (Fa <
30%), gave a high signal corresponding to 348 RU.
Taken together, most of the compounds being passively
absorbed via the transcellular route could be classified
based on the POPC/GM1 signal in accordance with
reported oral absorption data.

Figure 4 shows the correlation between the POPC/
GM1 signal and fraction absorbed in humans (Fa).
Filled symbols in this figure correspond to compounds
being passively absorbed via the transcellular route. The
moderately and highly absorbed compounds are clearly
separated from each other, and a sigmoidal relationship
to Fa can be seen. However, more compounds with small

Fa values need to be characterized using SPR technol-
ogy in order to prove this relationship. The compounds
in the upper-left corner of Figure 4 are all actively
transported and/or use the paracellular route (except
antipyrine). The outlier sulfasalazine is seen in the
lower-right corner in the same figure.

Sulfasalazine and antipyrine were identified as out-
liers. Liposome binding data predict that sulfasalazine
should be highly absorbed (Figure 2). However, after
oral administration in humans the Fa value is low
(12%),9 and absorption is reported to be highly vari-
able.15 This difference may be due to the low stability
of the compound in vivo and/or a significant efflux of
sulfasalazine.16 An alternative explanation for this
compound is that the biosensor technology measures the
binding event between the drug and the membrane but
not an event related to transcellular transport itself.
Antipyrine, the other outlier, has a high Fa value, but
no interaction with liposome surfaces was observed.
Antipyrine is commonly used as a dilution marker for
body water in humans, which suggests a low binding
to cell membranes in humans. The reasons for the high
absorption in vivo are probably linked to the low
molecular weight of the compound (188 Da) and the fact
that it is not ionized under physiological conditions.
Carbamazepine, also un-ionized under physiological
conditions, gave a signal of 144 RU which indicates that
this is not a general tendency for neutral compounds.
Kansy et al.7 reported that the filter plate assay had
limited resolution for compounds below molecular weight
250 Da.

Conclusions. In the drug discovery process there is
increased attention toward intestinal absorption proper-
ties and, in particular, to the discrimination between
drugs with low and medium/high absorption. The
increased number of hits from primary screens suggests
that rapid methods are crucial to characterize com-
pounds in secondary screening and lead optimization

Figure 2. Seven drugs interacting with POPC/GM1 liposomes
(start and end of injection at 455 and 545 s, respectively; for
abbreviations, see Table 1).

Figure 3. Scatter plot showing the correlation between the
signals from POPC/GM1 and POPC liposomes (for abbrevia-
tions, see Table 1); filled symbols correspond to compounds
classified as being absorbed via the transcellular route.

Figure 4. Correlation between the signal from POPC/GM1
and fraction absorbed in humans: circle, highly absorbed
compounds with Fa > 70%; square, moderately absorbed
compounds with Fa values between 30% and 70%; diamond,
poorly absorbed compounds with Fa values < 30%; filled
symbols correspond to compounds classified as being absorbed
via the transcellular route.
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phases. We have shown that a direct binding assay,
using captured liposomes, provides data that predict Fa
in humans for drugs using the transcellular absorption
route. The majority of substances having Fa > 70% can
be identified from liposome binding data. There are also
indications that a group of drugs showing medium
absorption can be identified. The drugs having MW <
200, where the paracellular diffusion route is possible,
seem to be difficult to classify with this method.
However, since the majority of drugs have a molecular
weight above 200, this is considered to be a less
important limitation.

The presented method can generate information from
the interaction between a drug candidate and up to
three different liposomes in one run. The liposome
surfaces are very stable, and once prepared, a surface
can be used for up to 2 weeks. The flexibility of the
method is further increased by the fact that the liposome
layer can be washed off with octylglycoside and the
surface can then be restored by injecting new liposomes.

The throughput of the present method is 100 sub-
stances/24 h, testing a single concentration of each drug.
Work is in progress to optimize the assay and increase
the number of substances and molecular diversity.
During the preparation of this manuscript we have seen
indications that a concentration of 100-150 µM may be
sufficient for correct classification of Fa properties.
Using a lower concentration may also reduce potential
solubility problems of the compounds.

Supporting Information Available: Experimental de-
tails. This material is available free of charge via the Internet
at http://pubs.acs.org.
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