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Purpose. Appropriate physicochemical parameters are desired for the
prediction of passive intestinal drug absorption during lead compound
selection and drug development.

Methods. Liposome distribution coefficients measured titrimetrically
and solubility data at pH 6.8 were used to characterize 21 structurally
diverse ionizable drugs covering a range from <5% to almost com-
plete absorption.

Results. A sigmoidal relationship was found between the percentage
of human passive intestinal absorption and a new absorption potential
parameter calculated from liposome distribution data and the solubility-
dose ratio. In contrast, the human absorption data did not correlate
with an octanol-based absorption potential or partitioning data alone.
Poor correlations were found between liposome and octanol parti-
tioning of ionic species or nonionic bases indicating the profound
differences of the partitioning systems.

Conclusions. Liposome distribution coefficients of ionizable drugs
derived by a pH-metric titration were successfully used to calculate
a parameter that correlates with the percentage of passive intestinal
absorption in humans. Profound differences between liposome and
octano} partitioning were found for a highly diverse set of species.
This titration technique may serve to generate liposome partitioning
data for the selection and optimization of lead compounds and in
drug development.

KEY WORDS: liposomes; octanol; partitioning; solubility; absorp-
tion; phospholipids.

INTRODUCTION

The implementation of combinatorial chemistry and high
throughput screening in drug research has led to a much higher
number of active drug candidates. The new screening methods
tend to suggest also compounds with properties critical to
absorption such as fow solubility, high lipophilicity and high
molecular weight (1). Therefore bioavailability surrogate
parameters are utilized for selecting lead compounds with a
promising bioavailability. Caco-2 cell permeability has been
used successfully as an in vitro absorption parameter. Unfortu-
nately Caco-2 cell cultures tend to show variable permeability
and require laborious cultivation (2). Another disadvantage is
the often observed steep correlation between permeation and
absorption even on logarithmic scales. Physicochemical param-
eter-based estimation methods are attractive because of their
throughput capacity, reproducibility and because they do not
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involve cumbersome cell cultivation. Some of the limitations
associated with these estimations include their inability, to pre-
dict active transport as well as to catalyze enzymatic degradation
of drugs. Many attempts have been made for correlating the
in vivo absorption with drug lipophilicity. 1-octanol has been
extensively used as it appeared to give the best correlations
among the bulk solvents showing phase separation (3). How-
ever, good correlations were only found within homologous
series of compounds. Octanol can interact with solutes by
hydrophobic and H-bond interactions but fails to mimic the
pronounced interfacial character of the bilayer structure of bio-
membranes and ionic interactions between membrane phospho-
lipids and solutes. Historically it was hypothesized that only
neutral molecules can penetrate through membranes (4). There-
fore, attention was paid to the partition coefficients of the neutral
forms of ionizable compounds. Numerous well-absorbed drug
substances appear as ions at the absorptive sites in the small
intestine. The relatively low partition coefficients in octanol
for the ionic species cannot explain the absorption of these
drugs. Studies with membrane lipid vesicles (5) and immobi-
lized artificial membrane (IAM) columns (6) have shown
important differences in interactions between drugs with phos-
pholipids and octanol, especially of the ionic forms. Liposomes
made from phospholipids are a partition system with character-
istics similar to those of biomembranes. The Sirius pH metric
logP titration method now allows the convenient and automated
determination of liposome partitioning. Drug-liposome interac-
tions are characterized by hydrophobic, H-bond and ionic inter-
actions. High partition coefficients of ionic species are a
combined effect of direct 1onic interaction between drug and
phospholipids and also interactions with the lipophilic part of
the bilayer (7). The highly ordered bilayer structure of the
phospholipid vesicles mimics also the impact of the membrane
bilayer structure on the ability of a drug to permeate (8). A
flexible molecule may be more suited for membrane penetration
than a rather bulky molecule. A linear correlation between
octanol and liposome logP for small neutral molecules has
been proposed (9). Another publication describes a correlation
between the octanol and liposome logP of the neutral species
of ionizable drugs (10). Phagocytosis of solid drug through the
intestinal mucosa is quantitatively negligible. Prior to absorp-
tion the administered single dose has to be able to dissolve in
the intestinal fluid. Consequently, a factor for the solubility/
dose relationship has to be included in the equation toward
prediction for oral absorption.

MATERIALS AND METHODS
Materials

The chemical structures of the drug substances used in
this investigation are given in Fig. 1. Acetylsalicylic acid(1),
acyclovir  (acycloguanosine)(2), allopurinol(3), amiloride
hydrochloride(4), atenolol(5), diclofenac sodium(6), famoti-
dine(7), furosemide(9), ibuprofen(10), miconazole nitrate(11),
paromomycin sulfate(15), and propranolol hydrochloride(16)
were purchased from Sigma Chemie Vertriecbs GmbH (Deisen-
hofen, Germany). Fluoxetine hydrochloride(8), moxoni-
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Fig. 1. Structures of drug substances.
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Rifabutine(17) was supplied by Pharmacia Spa. (ltaly). Terbi-
nafine hydrochloride(18) was supplied by Novartis Pharma AG
(Basel, Switzerland). Zidovudine(20) was supplied by The
Wellcome Foundation Ltd. (London, UK). Zopiclone(21) was
supplied by Rhone-Poulenc Rorer GmbH (Koln, Germany).
Potassium chloride, potassium dihydrogenphosphate, 1-octanol,
HCI-Titrisol® and KOH-Titrisol® were purchased from Merck
KGaA (Darmstadt, Germany). Polysorbate 80 was purchased
from Caelo (Hilden, Germany). Epikuron 200® was supplied
by Lucas Meyer GmbH (Hamburg, Germany). Epikuron 200
is a purified soybean phosphatidylcholine with a phospholipid
content of >92% consisting of glycerophosphocholin esters
with various mainly unsaturated fatty acids, <3% lyso-phos-
phatidylcholine, <2% other phosphatidylcholines, <0.8%
water, <2% oil and <0.2% a-tocopherol. With 56 — 60% of
total fatty acids, linoleic acid is the most commonly encoun-
tered acid.

Experimental

Liposome Preparation

Sonicated Small Unilamellar Vesicles (S-SUV) were pre-
pared as foliows: 1.6 grams of phospholipid were dissolved in
a small amount of methanol in a 200 ml round bottom flask.
A solid phospholipid film was formed by vacuum evaporation
of methanol at 50°C using a rotary evaporator. As determined
by thermogravimetry, the resulting film contained less than 5%
volatiles after 30 min vacuum drying. The phospholipid film
was dispersed with 14.4 ml of a 0.15 M potassium chloride
solution, resulting in a phospholipid concentration of 100 mg/
mi; 15 ml of this phospholipid dispersion was sonicated for 20
min. in a 20 ml vial using a Bandelin Sonopuls HD70 sonifier
equipped with a TT13 sonotrode (Bandelin Electronic GmbH,
Berlin, Germany) at 50% amplitude setting with argon purge
and cooling with ice water.

Determination of Partition Coefficients

Titrations were performed on PCA101® and GLPKA®
automatic titrators (Sirius Analytical Instruments Ltd., Forest
Row, UK). The processing of titration data was carried out
using the PKALOGP® version 5.01 software. Four titrations at
different ratios of phospholipid to water and phospholipid to
drug were carried out for each compound to evaluate the parti-
tioning of both the neutral and the ionized species (see Table
I). Titrations were carried out at 37°C at an ionic strength of
0.15 M potassium chloride as acidimetric assay starting at pH
10.5. Zopiclon had to be titrated alkalimetrically starting at pH

Table I. General Assay Protocol for logPy,, Titrations

{Lipid]:{Drug]* ml Lipid ml! H,0 Lipid/Water?
3 0.025 20 0.0013
10 0.1 15 0.0067
40 0.2 8 0.0250
100 1 20 0.0500

“ [Lipid}:{Drug]: molar ratio of phospholipid to drug.
¥ (Lipid/Water): volume ratio of phospholipid to water.
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3.5 respecting its instability under alkaline conditions. Olanza-
pine had to be dissolved at pH 3.5 before starting the assay at
pH 10.5. The determination of octanol/water partition coeffi-
cients by pH-metric titration is described in detail elsewhere
(11-12).

Solubility

Solubility was determined in Simulated Intestinal Fluid
(USP XXIII) at pH 6.8 without addition of pancreatin (KH,PO,
6.8 g = 0.05 M, polysorbate 80 0.01 g, KOH gs pH 6.8,
distilled water ad 1000.0). The surface tension was adjusted
with polysorbate 80 to a value of approximately 40 dyn/cm
as reported tor human gastric juice (13). The polysorbate 80
concentration was below the CMC (14). The procedure used
for the solubility determination gives ranges of solubility from
0.02—10 mg/ml. The solubilities given in Table Il are the mean
values for the respective solubility ranges.

RESULTS AND DISCUSSION

Liposome Versus Octanol Partitioning

Figure 2 shows the comparison of partitioning of neutral
and anionic species of acids in the liposome and octanol-water
system. A linear correlation with a low slope of 0.37 and an
intercept at 2.2 was found for the neutral acids. This implies
that the liposomal systems is less discriminating than octanol
and that especially compounds with a low octanol lipophilicity
may show unexpected high partitioning to phospholipid
bilayers. In contrast, the partitioning of the neutral forms of
the most lipophilic acids diclofenac and ibuprofen is almost as
high in the liposomal system as in the octanol system. The
logP values of the neutral species of the acids ranged from log
—1.8 to 4.2 in the octanol and only from log 1.7 to 4.3 in the
liposomal system. A poor correlation with a low slope of 0.33
and an intercept at 2.6 was found for the anionic species. Here
the partitioning of the anions was higher by at least two orders
of magnitude in the liposomal system except for rifabutine.
A consequence of the considerable anion partitioning in the
liposomal system is also a small difference between the partition
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Fig. 2. Liposome versus octanol partitioning of the acids. A - neutral
forms (logPsyy = 0.37 logPo, + 2.2, R? = 0.89), A - anionic forms
(logPsyv = 0.33 logPo, + 2.6, R* = 0.72). The solid line represents
the correlation for the neutral forms. The dotted line represents the
correlation for the anionic forms.
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Table II. Properties of Drug Substances
Solubility Intestinal
pK, log P, log Py, logPo log Pou log D, logDg, pH6.8 Dose absorption
No. Compound 37°C neutral Error ion Error neutral Error ion Ermor pH6.8 pH6.8 [mg/mi] [mg] APgyv APg %o
1 Acetylsalicylic 341 24 0.1 1.6 0.1 . 01 -20 041 1.6 ~20 08 500 1.2 —-24 90(19)
acid
2 Acyclovir 216 17 01 20 01 —-18 01 -20 01 1.7 —18 08 200 1.7 —-13 20(20)
9.04
3 Allopurinol 900 25 01 27 01 02 01 -09 02 25 0.1 04 300 20 —-06 90D
4  Amiloride* 835 1.8 0.l 16 0.1 ot 01 -07 02 1.6 —-06 0.1 5 23 04 5022
5 Atenolol 925 22 0.1 10 02 05 01 -15 03 1.0 —13 10.0 50 27 04 56 (23)
6 Diclofenac 401 43 01 29 01 42 0.1 03 0.1 29 1.4 0.8 50 35 23 9924
7 Famotidine 656 23 0.1 1.7 01 -08 01 -02 O.I 21 ~1.0 0.8 40 28 —05 45(25)
11.02
8 Fluoxetine 962 30 01 22 01 45 0.1 1.5 0.1 2.1 1.9 25 30 35 3.3 80(26)
9 Furosemide 361 3.0 0.1 19 0.1 26 01 -20 0.1 19 -10 0.8 40 26 —01 652
10.24
10 Ibuprofen” 445 38 01 21 0l 40 01 -0.1 0.1 2.1 1.6 25 200 26 1.6 80 (27)
11 Miconazole 612 37 03 29 03 49 0.1 1.2 03 3.6 45 002 250 19 31 2522
12 Moxonidine” 736 1.8 0.1 1.3 0.1 09 01 -02 0.1 1.5 04 08 03 43 3.1 99(28)
13 Nizatidine 244 30 04 28 04 -02 01 -09 0.1 29 -03 100 300 38 05 99 (25)
6.75
14 Olanzapine 544 37 01 27 01 30 0.1 00 0.1 3.0 20 0.02 10 27 1.7 75(29)
7.80 23 0.1
15 Paromomycin 599 1.7 0.1 12 01 -20 01 -20 01 -06 -—-20 100 250 04 1.0 3(22)
7.05
7.57
8.23
8.90
16 Propranolol 9.14 32 01 25 01 34 0.1 05 0.1 25 1.2 15 80 39 29 99 (30)
17 Rifabutine 690 34 01 35 01 45 0.1 27 03 32 43 0t 150 24 28 530
9.37 27 01 20 0.1
18 Terbinafine 705 50 02 30 02 60 0.1 23 0.1 4.6 55 002 250 29 35 80(32)
19 Xipamide 458 33 0.1 1.7 0.1 28 01 -17 03 1.7 0.5 0.8 20 27 1.5 70(22)
10.47
20 Zidovudine 945 19 01 24 01 -05 01 -20 0.1 1.9 -07 75 100 32 1.6 90 (33)
21 Zopiclone 676 1.8 02 14 02 15 01 -08 02 1.6 1.3 0.1 8 21 1.5 80(34)

@ All data at 25°C.
# SUV data at 25°C for Dioleoylphosphatidyicholine-liposomes.
Solubility pHgy X V)

AP =1 Distributi Hq g X
suy = log ( istribution pHg g Dose

coefficients of neutral and anionic species. The differences were
smaller for the hydrophilic acids than for the more lipophilic
acids. For the three hydrophilic weak acids, acyclovir, allopuri-
nol and zidovudine, the liposome partitioning of the anionic
species were even higher than that of the neutral form. An even
worse correlation was found between the distribution coetfi-
cients of the acids at pH 6.8 in both systems (Fig. 4). Figure
3 shows the comparison of partitioning of neutral and cationic
species of bases in the liposome and octanol-water system. A
poor correlation with a low slope of 0.33 and an intercept at
2.2 was found for the 13 neutral bases. The lipophilicity ranged
between —2.0 and 6.0 in the octanol and between 1.0 and 5.0
in the liposomal system. Again the differences between neutral
and ion partitioning in the liposomal system were small. In
most of the cases, the difference was less ihan one log unit.
Generally, the partition coefficients of the neutral forms are
higher for liposomes than for octanol. Only for the neutral
forms of the most lipophilic bases with a logP of 4 and higher
the octanol partitioning exceeded the liposome partitioning. A
poor correlation with a low slope of 0.37 and an intercept at

2.0 was found for the cationic species. A correlation between
octanol and liposome distribution coefficients of the bases at
pH 6.8 was also poor (Fig. 4). A general similarity between
octanol and liposome partition coefficients of nonionized acids
and bases as reported by Avdeef et al. could not be verified
for all of the compounds discussed here. Such a similarity could
be seen for propranolol and the most lipophilic acids ibuprofen
and diclotenac. With regard to the flat and erratic correlations
between liposome and octanol partitioning, this coincidence of
similar partitioning coefficients may be limited to this particular
range of lipophilicities. Furthermore, a lincarity of correlation
between octanol and phospholipid systems for small nonionic
molecules as reported by Gobas er al. is not representative for
more complex drug molecules (9,15).

Correlations with Human Intestinal Absorption

For the correlation of physicochemical parameters with
human intestinal absorption data, a new type of Absorption
Potential (APgyy ) based on liposome partitioning (Eq. 1) was
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Fig. 3. Liposome versus octanol partitioning of the bases. ll-—neutral
forms (logPsyy = 0.33 logPq,, + 2.2, R? = 0.69), [J—cationic forms
(logPsyy = 0.37 logPo + 2.0, R? = 0.49). The solid line represents
the correlation for the neutral forms. The dotted line represents the
correlation for the cationic forms.

calculated from distribution, solubility, mean single oral dose,
and the volume of the intestinal fluids. In contrast to the Absorp-
tion Potential introduced by Dressman et al. (16), the distribu-
tion coefficient at pH 6.8 is used instead of the partition
coefficient. The Absorption Potential results for liposomes and
octanol (APg.ua0) and the references for the human absorption
data are listed in Table 11. pH 6.8 is considered to be a relevant
pH for the fasted small intestine where most of the absorption
takes place (17). Therefore, distribution coefficients were calcu-
lated for pH 6.8 and solubility was determined at pH 6.8. Figure
5 (a) shows the noncorrelation of intestinal absorption with
liposome distribution at pH 6.8 (logDsyvpH 6.8). Most of the
drugs tested had a logDgyy of 1.5 to 3 absorption scattered
between 20 and 100%. In contrast, a sigmoidal correlation of
human intestinal absorption with APgyy was found (Fig. 5b).
The high absorption of acetylsalicylic acid (1) and allopurinol
(3) appears to be reached even with low APgyy values. This
may be explained by their particularly low molecular weight,
enabling additional paracellular diffusion through membranes
(18). No correlations were found between logDg. or APgciuna

ot
(s}
I
[=8
>
3
o
(=]
ke
004
-1.0 T +— + —+ +
-2,0 0,0 2,0 4,0 6,0
logDoct pH 6.8

Fig. 4. Liposome versus octanol distribution at pH6.8. A - Acids
(logDsyy pH 6.8 = 0.22 logDg, + 2.1, R* = 0.45), [J—Bases
(logDsyy pH 6.8 = 045 logDg, + 1.7, RZ = 0.7]).
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Fig. 5. (a) Intestinal Absorption versus logDg,y pH 6.8. The numbers
in the graph refer to the substance numbers in Table II. Number 8
and 10 have identical values of absorption and fogD. (b} Intestinal
Absorption versus APgyy. The numbers in the graph refer to the sub-
stance numbers in Table H.

and the percentage of intestinal absorption (Fig. 6a and 6b).
Particularly the low percentage of absorption of miconazole(11)
and rifabutine(17) could not be predicted correctly using the
octanol logD values. Their bulky lipophilic moiety may hinder,
particularly, their integration in ordered phospholipid bilayers
as it is expressed by lower liposome than octanol logD values.
The most striking difference between the two systems is the
much higher partitioning of ionic molecules in the liposomal
system. This is first of all an effect of interactions between
ionic drug molecules and the ionic functional groups in the
phospholipid bilayer. It results in a higher affinity to membranes
even of hydrophilic compounds than would be estimated from
the low partitioning of drugs into organic bulk solvents. Another
important factor for prediction of passive intestinal absorption
is the solubility of the drug at intestinal pH. The prediction of
intestinal absorption by logD values alone fails. Octanol as
well as liposome distribution results do not correlate with the
percentage of intestinal absorption as shown in Figs. 5a and
6a. A sufficient solubility relative to the single oral dose is a
prerequisite for intestinal absorption. It could be shown that a
high solubility to dose ratio may outweigh a low lipophilicity
resulting in a high percentage of absorption. On the other hand
even highly lipophilic compounds can be poorly absorbed when
the solubility to dose ratio is small as, e.g., for miconazole{11]
and rifabutine{17]. These two together with terbinafine [18]
approach the main field of data points (Figs. 6b, 5b) or the
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Fig. 6. (a) Intestinal Absorption versus logDg,, pH 6.8. The numbers
in the graph refer to the substance numbers in Table II. (b) Intestinal
Absorption versus APguaa- The numbers in the graph refer to the
substance numbers in Table II.

center line of data points when the correlation of absorption is
changed from simple partitioning to the absorption potential.

CONCLUSIONS

Drug partitioning in the liposomal system can be measured
conveniently by an automated potentiometric titration tech-
nique. It could be shown that octanol partitioning is poorly
correlated with interactions between ionizable drugs and phos-
pholipid bilayers. Liposome partitioning of structurally diverse
acids and bases is characterized by much higher partitioning
of ionic species compared to octanol so that the differences in
logP between neutral and ionic species are smaller. Partitioning
of hydrophilic compounds was found to be increased and parti-
tioning of the neutral forms of highly lipophilic compounds to
be similar or decreased compared to 1-octanol. As most drugs
are ionizable and many exist in the ionic state at intestinal pH,
this result is of relevance for in vitro-in vivo correlations with
lipophilicity data. Liposome distribution coefficients of ioniz-
able drugs have been successfully used to calculate a parameter,
APgyy, that correlates with the percentage of passive intestinal
absorption in humans. In contrast, the human absorption data
did not correlate with an octanol-based absorption potential or
partitioning data alone. This technique may serve for selection
and optimization of lead compounds and in drug development.
Limitations of this model are its inability to account for mem-
brane passage via paracellular routes or any active transport
mechanisms.
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