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Purpose. The influence of oleic acid (OA) and phosphatidylethanolam-
ine (PhE) as membrane constituents on the partition behavior of (RS)-
[*H]propranolol between unilamellar liposomes and buffer was studied
as a function of pH.

Methods. Partition studies were performed by means of equilibrium
dialysis at 37°C over a broad pH range at a molar propranolol to lipid
ratio in the membrane of 107,

Results. As compared to the standard phosphatidylcholine (PhC)-
liposome/buffer partition system PhE and OA have an enhancing effect
on the apparent partition coefficient (D) of (RS)-[*H]propranolol
between pH 6 and 11. Data analysis with Henderson-Hasselbalch equa-
tions revealed that the neutral propranolol has a higher affinity to
membranes containing net neutral charged PhE than to pure PhC-
liposomes. Net negatively charged PhE seems to have no significant
influence on the partitioning. Deprotonated OA caused an increase in
the true partition coefficient (P) of the protonated propranolol. Neutral
OA showed no influence on the partitioning. From the fit D vs pH
curves and from zeta potential measurements of the liposomes the
intrinsic pK, values of the membranous lipids were calculated as 7.5
to 7.8 for OA and 9.7 to 9.8 for PhE.

Conclusions. Since the pK, of membranous OA is close to the physio-
logical pH and D depends on the ionisation state of OA, small pH
changes around the physiological pH may cause large differences in
drug-lipid membrane interactions.

KEY WORDS: partitioning; liposome; propranolol; drug-lipid mem-
brane interactions; free fatty acid; phosphatidylethanolamine.

INTRODUCTION

The affinity of a drug to the lipid membranes in the body
determines its pharmacokinetic behavior, particularly its distri-
bution in the organism. To quantify this affinity, a parameter
to express the lipophilicity of a compound has been introduced,
the partition coefficient. As early as 1891 Nernst formulated
the conditions to define a true partition coefficient (P), which
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ABBREVIATIONS: OA, oleic acid; PhE, phosphatidylethanolamine;
PhC, phosphatidylcholine; D, apparent partition coefficient; P, true
partition coefficient; Pn, true partition coefficient of neutral solute; Pi,
true partition coefficient of ionised solute; apparent pK,, bulk pH, at
which the pH in the stationary buffer layer above the membrane equals
the intrinsic pK,; intrinsic pK,, pK, as determined by titration or as
estimated from apparent pK,; pHm, membrane derived inflection point
in D-pH diagrams, i.e. apparent pK, of membranous lipids; ¢, zetapoten-
tial; FFA, free fatty acids; SUBS, standardised universal buffer solution;
pd, polydispersity factor in dynamic light scattering.
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is the concentration ratio of one molecular species between a
lipophilic phase and a hydrophilic phase at equilibrium (1). If
Nernst conditions are not fulfilled, e.g. if a solute exists in more
than one ionisation status, only an apparent partition coefficient
(D) can be determined.

In the past large data bases have been established with
lipophilic solvent/buffer systems (2). To provide a better model
for the partitioning in vivo, membranes have been chosen as
lipophilic phases (3-5). A standardised liposomal partition sys-
temn using phosphatidylcholine (PhC) liposomes has been intro-
duced (6), which permits to study partition diagrams (D =
f(pH)) over the whole pH range under Nernst conditions. Parti-
tion studies with (RS)-[*H]propranolol revealed that the D-
pH diagram follows the ionization curves of the model drug
propranolol and of PhC. These findings were confirmed with
other drugs (7). In liposomal partition systems—contrary to the
situation in conventional solvent partition systems, where only
the partitioning of the neutral species plays a role,—the parti-
tioning of the ionised compound is also important. P can thus be
determined for the neutral (P,) and the ionised (P;) species (6,8).

In an effort to come closer to the in vivo situation, mem-
branes consisting of a complex lipid mixture were used as
lipophilic phase (8). Liposomes from lipids of Madin Darby
canine kidney (MDCK) cells were produced, the so called
MDCKsomes. With (RS)-[*H]propranolol as a model solute an
ideal partition behavior was found also in this case. The bell-
shaped D-pH diagram could be described with a combination
of Henderson-Hasselbalch equations. Inflections were found at
the apparent pK, of propranolol, i.e. pH 9.7, and at pH 7.7 and
a 10.0. The latter two were tentatively assigned to the apparent
pK. of free fatty acids (FFA) and of phosphatidylethanolam-
ine (PhE).

To analyse the contribution of the single lipids to the
partition patterns liposomes were produced consisting of two or
three lipid components. Based on the data from MDCKsomes,
combinations of PhC together with PhE and/or oleic acid (OA)
were chosen to possibly mimic the partition characteristics of
the complex membrane. The surface charge of the liposomes
at various pH values was determined as zetapotentials ({) and
therefrom the apparent pK, values of propranolol in the various
liposomal systems were calculated as previously described (8).
With all liposomes tested the D-pH diagrams for (RS)-[*H]pro-
pranolol can be described with a combination of Henderson-
Hasselbalch equations using the apparent pK, of propranolol
and the apparent pK, values of the lipids.

MATERIALS AND METHODS

Chemicals

(RS)-Proparanolol HCI #P-0884 was from Sigma. From
Merck: sodium cholate #12448 and methanol (HPLC grade).
All other solvents were from Romil (Shepshed, UK), HPLC
quality. Radioactively labelled compounds were either from
NEN/Du Pont as [2,4-*H(N)]-cholic acid, 0.48 TBg/mmol
#NET 382 and [1-'*C]-oleic acid ('*C-OA), 1.9 GBg/mmol #
NEC 317 or from Amersham Int.: (S)-3-phosphatidyl[N-
methyl-'*C]choline-1,2-dipalmitoyl (**C-DPPhC), 2.15 GBq/
mmol #CFA 630 and (RS)-[4-*H]propranolol hydrochloride,
533 GBg/mmol #TRK 495. Egg phosphatidylcholine (PhC)
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and phosphatidylethanolamine (PhE), grade I, were from Lipid
products (Nutfield, UK); oleic acid # 75090 was from Fluka
(Switzerland). All other chemicals were of analytical grade.

Liposomes

Liposomes (10 mg lipid/ml) with various lipid composi-
tions were prepared by either of the following three methods:
detergent dialysis (DD-liposomes) (6), freeze-thaw-filter tech-
nique (FTF-liposomes) (9), or extrusion through 0.1 pm poly-
carbonate membranes after 5 freeze-thaw cycles (Ex-liposomes)
(10). MDCKsomes contain 35% (w/w) PhC, 24% PhE, 15%
cholesterol, 5.5% triglycerides, 1.3% cerebrosides and traces
of monoglycerides, phosphatidylserine, -inositol, and sphingo-
myeline (8). In addition we found 3% FFA (unpublished results).
Residual detergent in DD-liposomes was determined with “H-
labelled cholate and '*C-DPPhC. Dual label LSC of *H and
4C was performed with a Beckman LS6800. Liposome size
distribution and { were analysed by dynamic light scattering
(DLS) and micro electrophoresis using a ZetaSizer 3 (Malvern
Instruments, UK) as described previously (8). pH Values were
adjusted by dilution of the liposome preparations in standard-
ized universal buffer solution (SUBS) containing phosphate,
citrate, borate, chloride and sodium with an osmolality of around
300 mmol/kg and an ionic strength of 230 mmol/kg (6, 11).
Equilibration of protons through the lipid membrane takes less
than 5 min (6).

Partition Experiments

Partition experiments were performed by means of equilib-
rium dialysis at 37° C during 5 h in SUBS as described pre-
viously (6). At the start the liposome suspension (2 mg/ml)
contained 500 Bg/ml *H-labelled (10~° M) (RS)-propranolo! or
14C-OA (3:1077 M), which was added 24 h prior to equilibrium
dialysis. Radioactivity from both chambers was determined by
LSC (95-100% recoveries). The exact lipid concentration in
partition experiments was determined by enzymatic choline
quantification (12).

Calculations and Data Analysis

Calculations were performed as previously described (6,
8). In brief the following equations were used:

Cis ~Cs Vis

D=
CB VL

+1 1)

Cg, molar solute concentration in the liposomes containing
chamber; Cg, molar solute concentration in the buffer solution;
Vs, sample volume of the liposome suspension; V(, volume
of the lipophilic phase (calculated with a density of 1 g/ml)
within Vi g.

Due to membrane charges the pH in the stationary buffer
layer above the membrane differs from the bulk pH. If a particu-
lar pH is assigned to any process at the membrane surface, the
bulk pH has to be corrected in order to estimate the pH within
the stationary buffer layer above the membrane, i.e. at the site
of action (eq. 2). ApH is therefore used to calculate the apparent
pK., i.e. the bulk pH at which the pH in the stationary buffer
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layer (pH(above membrane)) equals the intrinsic pK, of the
solute and vice versa for the lipids:

S i
2303-R°T

@

F, Faraday constant; R, gas constant; {, zetapotential, i.e. electri-
cal potential at the shear plane of the vesicle. { of the various
liposomes at pH 7.8, 9.5 and 10.0, which are used for the
calculation of the apparent pK, of propranolol and the intrinsic
pK, of membranous lipids are listed in Tab. I.

Curve fitting of D as a function of pH was done with
proFit 4.1 (QuantumSoft, CH) using the Levenberg-Marquardt
algorithm. The parameters with the lowest chi? values were
chosen at a confidence interval of 90%. The equations were
adapted to the various liposome/buffer systems as follows:

PhC-liposomes (pH 2 to 11) and PhC/OA-liposomes (pH
4to 11):

ApH = pH(bulk) — pH(above membrane) =

1 Pn[>pHml]

D = T qorke e T+ 1opim o

Pi[>pHnu ]

+ 1 . Pi[<pHml]
1+ 10PH-PKa | T + 1QPHm—PH

1+ 1opH—pHm} &)
MDCKsomes and PhC/PhE/OA-liposomes (pH 5 to 11):

D= ] i Pn[pHml/pHm2]
1+ 10PKa #H | (1 + 1QPHmI=PH)( + QPR PHim2)

Pn[<pHm1]
1 + 10pH-pHmI

Pa[>pHi]
1+ 10pHm2=pH

+ 1 . Pl[pHm l/pHmZ]
[+ 1075 PKa | (I + [OPHmI=PH)(| + [QPH-PHa2)

Pi[<pHp] P{>pHp] 4
1 + 1QPH-pHm1 1 + 1QpHm2—pH )]
PhC/PhE-liposomes (pH 6 to 11):
D= 1 | _Pa[>pHnl Pa[<pHnl
T 1+ 10PKamPH | |+ JQpHmoPH T ] 4 QPHPHm
1 Pi[<pHul
(5)

1 + 10°H-PKa | + [QPH-pHm

pK., pK, of propranolol, in eq. 3 to 5 the apparent pK, (see
above) is used, as calculated from the intrinsic pK, (37°C) 9.24
(6) and ApH from Table L. P,[>pH,,], P, above pH,,; P,[<pH.,],
P, below pH,; P.pHu/pHm:]l, P. above pH,/below
pHm2 pHy,, fit membrane derived inflection point in partition
curve, i.e. apparent pK, of membranous lipids, pHy,; and pHy,
inflection points around pH 2 or 8, respectively, and 10.

For the fit procedure pK, was kept fixed while the P, P,
and pH,, values were calculated from the partition data.

RESULTS

Characterisation of Liposomes

Liposomes were prepared and characterised with regard
to their size distribution and, in the case of DD-liposomes,
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Table I. Zetapotentials and A pH Values of Various Liposomes
pH 7.82 pH 9.5¢ pH 10¢

Liposomes {[mV] A pH {{mV] A pH {[mV] A pH
FTF-PhC/PhE (67/33 mol/mol) -3 0.05 -10 0.16 -12 0.19
Ex-PhC/OA (88/12) and (76/24) -12 0.19 -17 0.27 —18 0.29
Ex-PhC/PhE/OA (55/22/23) -18 0.29 =21 0.34 -22 0.35
DD-MDCKsomes? —13 0.21 =30 0.48 -33 0.53
DD-PhC 0 0 0 0 0 0

4 pH values chosen according to the respective pK, values of membranous OA, propranolol and PhE.

& Composition of MDCKsomes: 35% (w/w) PhC, 24% PhE, 15% cholesterol, 5.5% triglycerides, 3% FFA, 1.3% cerebrosides and traces of
monoglycerides, phosphatidylserine, -inositol, and sphingomyeline (Material and Methods). { of various liposomes in SUBS were measured
on a ZetaSizer 3 at 37° C. From these ApH, i.e. the difference between the bulk pH and the pH of the stationary buffer layer above the
membrane were calculated according to eq. 2 and used for pK, correction (see Tables II and III).

residual detergent contents. Ex-liposomes containing PhC, PhE
and/or OA were all between 70 and 90 nm with polydispersity
factors (pd) lower than 0.1. Detergent dialysis- (DD-) PhC/
PhE-liposomes were around 50 nm, DD-PhC liposomes around
70 nm (both pd < 0.1). DD-MDCKsomes were larger (~200
nm, pd < 0.1) and FTF-liposomes ~300 nm (pd =~ 0.3). As
judged by the polydispersity factors homogeneous populations
were obtained by the extrusion as well as the detergent dialysis
method. All methods produced unilamellar vesicles as revealed
by electron microscopy (not shown). Residual detergent of DD-
PhC liposomes was 1 cholate per 700 PhC molecules (6), in
DD-MDCKsomes 1 per 360 (8). To control the stability of the
liposomes during partition experiments, size distribution was
examined before and after equilibrium dialysis. No significant
changes were found within the pH ranges used.

OA-containing liposomes were checked for a pH-depen-
dent loss of OA by partition experiments at pH values between
4 and 11 using "“C-OA in Ex-PhC/QA-liposomes (76/24 mol/
mol) (Material and Methods). D of deprotonated OA (pH 8 to
11) was determined as 10°. From this we conclude that the
composition of the membrane doesn’t significantly change
when the FFA are ionised. The highest concentration of OA
ever appearing in the bufter phase in the partition experiments
is 401073 M, as calculated from D.

Liposomes were also characterized by { over the examined
pH range (Material and Methods). The {-pH diagrams are shown
in Fig. 1. PhC-liposomes show neutral surface charge between
pH 2 and 10.5. Above pH 10.5 { becomes negative. In this pH
range hydrolysis of PhC was shown (8), resulting in FFA anions
and other negatively charged hydrolysis products. MDCKsomes
seem to have a relatively high density of negatively charged
groups on their surface. { reaches from —12 mV at pH 6 to
—40 mV at pH 11. No clear inflection can be seen which
reflects the presence of several ionisable groups with different
pK, values. Below pH 8 the PhC/PhE-liposomes show a neutral
surface as the PhC-liposomes do. At pH values above 8 the
deprotonation of PhE (pK, around 10 in lipid membranes, (13))
causes negative { values. Liposomes containing OA as PhC/
OA- and PhC/PhE/OA-liposomes reveal a sigmoidal -pH curve
due to the pK, of OA between 6 and 8 in lipid membranes
(14). At pH values where OA is neutral, the membrane is neutral
as well. From the { values the pH differences between the
stationary buffer layer around the liposomes and the bulk buffer
phase were calculated (Table I).
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Fig. 1. Zetapotentials of various liposomes. Liposomes were prepared
and characterized as described in Material and Methods. The zetapoten-
tial { was analysed in SUBS by micro electrophoresis and dynamic
light scattering using a ZetaSizer 3 (Malvern Instruments, UK).

Influence of Cholate on the pH-Dependent Partition
Behavior of (RS)-[*H]propranolol

When D-pH diagrams of MDCKsomes were analysed, two
points of inflection were found which were tentatively attributed
to the influence of PhE and OA (8). Therefore, the influence
of PhE and OA on the partitioning of (RS)-[*H]propranolol was
explored. To exclude a superposing effect of residual cholate,
we first compared partitioning in DD-PhC/PhE-liposomes to
FTF-PhC/PhE-liposomes and both of them to FTF-liposomes
which contained exogeneously added cholate. Partition experi-
ments were performed under standard conditions (Material and
Methods). With the three types of liposomes the resulting D-
pH diagrams for (RS)-[*H]propranolol are bell-shaped (Fig.
2). Most strikingly, in the absence of cholate (FTF-PhC/PhE-
liposomes, 67/33 mol/mol) maximal D values are significantly
higher than in the presence of cholate. For DD-PhC/PhE-lipo-
somes (molar ratio of PhC/PhE/cholate = 67/33/1.4) the differ-
ence is about a factor of two around pH 9.5 to 10. Exogeneously
added cholate (FTF-PhC/PhE/cholate-liposomes 67/33/1.8)
shows the same effect as the residual cholate in the DD-lipo-
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Fig. 2. Influence of cholate on the partition behavior of (RS)-[*H]pro-
pranolol in the PhC/PhE-liposome/SUBS system. The apparent parti-
tion coefficients (D) were determined by means of equilibrium dialysis
at 37°C at pH values between 7 and 11. A DD-PhC/PhE liposomes
(molar ratio PhC/PhE/cholate = 67/33/1.4); © FTF-PhC/PhE-liposomes
(67/33, no cholate); @ FTF-PhC/PhE/cholate liposomes (67/33/1.8).
The apparent pK, of propranolol at 37°C equals 9.4 (----).

somes. No significant difference is found between the inflection
points of the curves (not shown). To exclude the influence of
cholate as an additional component on the calculated P values,
further studies were performed with FTF- and Ex-liposomes
exclusively.

Influence of PhE and OA on the pH-Dependent Partition
Behavior of (RS)-[*H]propranolol

The results of the partition studies with FTF-PhC/PhE-
liposomes (67/33 mol/mol) and Ex-PhC/OA-liposomes (88/12)
and (76/24) are presented in Fig. 3. The fit inflection points
(pH,,) are around 10 for the PhE-containing liposomes and
between 7.6 and 7.9 for the FFA-containing liposomes. Fit pH,,,
P, and P; are listed in Tab. II. Comparison of the partition
profiles with the one from the standard PhC-liposome/buffer
system shows, that the partitioning of the neutral propranolol
(P, is only influenced by the presence of net neutral charged
PhE in the membrane but not significantly by the presence of
FFA. However, the presence of deprotonated OA in the lipid
membrane causes an increase of P; of propranolol (P;[pH,,/
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Fig. 3. Data analysis of the partition behaviour of (RS)-[*H]propranolol
in the PhC/PhE-, PhC/OA- and PhC/PhE/OA-liposome/SUBS systems.
Curve fitting was performed using the equations described in the text.
(~—) Best fit, i.e. lowest chi’ (.....) apparent pK, of propranolol;
(----) partitioning in the DD-PhC-liposome standard system (6,8).
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pHi2]). Neutral OA has no significant influence on the parti-
tioning of the protonated propranolol, (P;[<pH,,,] is similar to
Pi[pHm1/pHnz] in the PhC-liposome system). Since the amount
of neutral propranolol at pH values where OA is neutral is very
low, data analysis gives no information about the influence
of neutral OA on Pn (P [<pH.]). The pH,, values, which
correspond to the apparent pK, values of the lipids within the
membrane, were corrected for ApH (Material and Methods).
The resulting intrinsic pK, values of the membranous OA or
free fatty acids mixture (MDCKsomes), respectively, and of
membranous PhE are listed in Tab. III. These values are in
perfect agreement with published values (13,14). The pH,,, in
the PhC-liposome system corresponds to the pK, of membra-
nous PhC (6).

For direct comparison with MDCKsomes PhC/PhE/OA-
liposomes (molar ratio 55/22/23) were prepared. The lipid ratio
was based on the recently determined composition of the
MDCKsomes (8). Fig. 4 shows the lipophilicity profiles of
(RS)-[*H] propranolol in the liposome systems studied in this
work compared to that from the MDCKsome system. Though
Ex-PhC/PhE/OA liposomes and MDCKsomes show similar
shapes in the D vs pH diagrams and reveal similar inflection
points (Table II), the curves do not overlap. MDCKsomes show
much smaller D values between pH,,; and pH,,,, resulting in
lower P, and P; within this pH range.

DISCUSSION

The composition of lipid membranes is of high relevance
for drug-lipid membrane interactions. The pH-partition diagram
for a certain solute follows the ionisation curves of the solute
and the lipids. The present work deals with two lipids, namely
FFA and PhE, which seem to have a significant influence on
the partition behavior of the model solute (RS)-[*H]propranolol
in mammalian cell membranes (8). In liposomes containing
PhC and 12% (mol/mol) or more OA and/or 23% or more PhE,
(RS)-[*H]propranolol showed a strikingly different partition
behavior than in pure PhC-membranes (6). Both, OA and PhE,
led to an increase in D between pH 6 and 11. Data analysis
allowed us to explore the influence of these lipids in more
detail. The affinity of a drug to a particular lipid membrane
strongly depends on the ionisation states of the drug and of the
lipid components. As shown previously (14) and as confirmed
in this work, membranous free fatty acids have a pK, value
around the physiological pH. This means, that in membranes
containing FFA drug-lipid membrane interactions around physi-
ological pH values are very sensitive to small pH changes, an
aspect which is of relevance for in vivo processes like absorp-
tion, distribution, and elimination.

FFA show much higher pK, values within lipid mem-
branes, namely pK, 6 to § (14), than in aqueous solution, where
it equals ~4.8 (15). Since the difference between the pK, of
aqueous and membranous FFA is given by the difference
between P, and P, (16), P, for FFA must be ~10° times lower
than P, (based on a pK, of 7.8, Table III). To check redistribution
of OA to the hydrophilic phase after deprotonation, the pH-
dependent partition behavior of OA was tested in the PhC/OA-
liposome (76/24 mol/mol) system. At pH > 8 D values were
in the range of 10° which means that the change in the partition
profile of propranolol around the pK, of membranous OA is
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Table IL. Fit Parameters of the pH-Dependent Partitioning of (RS)-[*H]Propranolol in Various Liposome/SUBS Systems
P at various membrane states
Liposomes Apparent pK, of Membrane derived Above pH,,/ Below
(molar ratio) propranolol® inflection points below pH,» pHmi¢ Above pH,,,
PHu PHimz P, P P, P, P
FTF-PhC/PhE 9.40 — 9.89 7820 519 — 2655 —
(67/33) +0.19 + 752 + 97 * 304
Ex-PhC/OA 9.51 797 — 2313 3717 610 — —
(76/24) + .15 + 357 4 + 179
Ex-PhC/OA 9.51 7.87 — 2085 3439 805 — —
(88/12) +0.19 + 205 4 * 169
Ex-PhC/PhE/OA 9.58 7.81 10.11 6013 4879 631 1067 852
(55/22/23) +0.26 + 159 4 4 + 198 ¢ ¢
DD- 9.70 7.66 9.97 2123 1568 710 1193 1609
MDCKsomes? +0.31 +0.91 d 4 + 140 + 292 4
DD-PhC?® 9.24 2.46 — 1858 580 216 —_ —
+ 0.54 +24 * 17 + 181

¢ The apparent pK, of propranolol was kept fixed during the fit procedure (see Material and Methods).
® FTF-liposomes revealed similar results. Composition of MDCKsomes see Table 1.

¢ Po[<pHp] is not relevant for the curve description.

4 High uncertainties due to a high degree of superposition in a limited pH range (confidence limits 90%). The experimental data from partition
studies were fit with a combination of Henderson-Hasselbalch equations (Material and Methods).

directly caused by the ionisation change of OA and not by a
change in the membrane composition, i.e. the loss of OA anions
from the membrane. However, at high pH values the concentra-
tion of 4:1073 M ionised OA (calculated for PhC/OA-lipo-
somes, 76/24 mol/mol) in the aqueous phase could have an
influence on the partitioning, since total drug concentration is
1079 M.

PhE seems to influence D only at its net neutral stage,
where the amine is protonated (pK, 10). Most likely the positive
charge of its primary amine interacts with the secondary amine
group of the neutral propranolol. This is supported by the fact,
that there is no effect on the protonated propranolol.

The fit pK, values of the membrane lipids are in good
agreement with the results of zetapotential measurements.
Membranes containing OA are negatively charged above the
pK, of OA but neutral at pH values where OA is protonated.
PhE also causes negative surface charge when deprotonated in
the PhC/PhE-liposomes. This effect is superimposed by the
effect of OA in the PhC/PhE/OA-liposomes.

We tried to mimic the partition behavior of propranolol
in the MDCKsome/SUBS system by using PhC/PhE/OA-lipo-
somes. Though the inflection points of the D-pH curves are in

Table IIL. Intrinsic pK, of Membranous PhE and OA/FFA

Liposomes pK, of FFA pK, of PhE
FTF-PhC/PhE (67/33 mol/mol) 9.70
Ex-PhC/OA (76/24) 7.78
Ex-PhC/OA (88/12) 7.68
Ex-PhC/PhE/OA (55/22/23) 7.52 9.76
DD-MDCKsomes 7.45 944

Note: Intrinsic pK, values of the membranous lipids were calculated
from the fit inflection points (pH,,) of the partitioning curves (Table
II) and from ¢ (Table I) as described (Material and Methods, eq. 2).

best agreement, the curves do not overlap. This is not unex-
pected since MDCKsomes contain less FFA and also other
additional lipids, which may influence the partitioning.
Regarding the D-pH diagram of (RS)-[*H]-propranolol in
the PhC/PhE/OA-liposome system it is not obvious, that there
are three inflection points, namely the one at the pK, of FFA,
the one at the pK, of propranolol and the third one at the pK,
of PhE. Therefore we tried to fit the curve with two inflection
points only. As Fig. 5 shows, three inflections give a superior
fit. The same is true for the MDCKsome system (not shown).
These studies reveal that the partition coefficient of the
ionised solute P; can be higher than the one of the neutral solute
P,. This must be due to electrostatic interactions. From this
point of view partition coefficients alone are not sufficient for
the prediction of membrane permeation. The neutral solute with
less electrostatic affinity to the lipids headgroups can probably
move much easier across the bilayer than the ionised molecule,
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Fig, 4. Comparison of the partition profiles of (RS)-[*H]propranolol
in various liposome/SUBS systems. A, Ex-PhC/OA-liposomes (76/24
mol/mol); B, FTF-PhC/PhE-liposomes (67/33); C, Ex-PhC/PhE/OA-
liposomes (55/22/23); D, MDCKsomes (8). Drawn are the fit curves
as derived from partition data (Fig. 3).
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Fig. 5. Partitioning of (RS)-[*H]propranolol between Ex-PhC/PhE/
OA-liposomes (molar ratio 55/22/23) and SUBS. (——) Data are fit
based on 3 inflections (pK, of OA, propranolol and PhE). (- - - -) Data
are fit based on 2 inflections (at pH ~8 and pH ~10).

which sticks to the headgroups. An additional component for
the prediction of permeation behavior would therefore be the
“flip-flop” of the solute, i.e. the movement between the two
lipid layers.
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