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Summary

Drug-lipid membrane interactions determine the pharmacokinetic behavior

and some of the pharmacodynamic effects of a drug. These interactions can

be described quantitatively by the partition coefficient (PC) of the drug

between the membrane and the surrounding aqueous phase. The pH-depen-

dent partition behavior of 3H-(RS)-propranolol between lipid membranes and

buffer was determined in various liposome/buffer systems by means of equili¬

brium dialysis at 37°C. Unilamellar liposomes in the range of 50 to 320 nm

size were prepared either by detergent dialysis or by a freeze-thaw-filter

technique. The most complex liposomes, the MDCKsomes, were vesicles of a

chloroform/methanol extract from the Madin Darby canine kidney (MDCK) cell

line containing 38 % (w/w) phosphatidylcholine (PhC), 24 % phosphatidyl-

ethanolamine (PhE), 14.7 % cholesterol, 4.8 % triglycerides and about 13 %

unknown lipids. The other liposomes consisted of the major phospholipids

found in the MDCK cell membranes: PhC/PhE-liposomes (69/31 w/w),

PhC/phosphatidylserine (PhS)/phosphatidylinositol (Phl)-liposomes

(85.5/9.6/5.9 w/w) and PhC/Phl-liposomes (69/31 w/w). The liposomes were

characterized by their size, stability, zetapotential and residual amount of

detergent. The lipid concentration in partition studies was 1 to 2 mg/ml, the

concentration of 3H-(f?S)-propranolol 10"9 M resulting in a molar propra¬

nolol/lipid ratio of 10~6 in the membrane. As hydrophilic phase we used a

universal buffer containing phosphate, citrate and borate; the ionic strength

was kept constant with sodium chloride at 230 mmol/kg. The osmolality was

between 280 and 300 mmol/kg, i.e. physiological. The 3H-(flS)-propranolol
was quantified by liquid scintillation counting (LSC). The PC were determined

in dependence of the pH between pH 7 and 11, where all tested liposomes

were stable. The partition diagrams of all examined systems were bell-shaped

in contrast to the sigmoid curve in the PhC-liposome/buffer system examined

by Pauletti and Wunderli-Allenspach [G. M. Pauletti and H. Wunderli-

Allenspach, Eur. J. Pharm. Sci. 1, 273-282 (1994)]. The diagram for

MDCKsomes was best mimicked by the PhC/PhS/Phl-liposomes. The

maximal PC in all systems but the PhC/Phl-liposome/buffer system was found

above the pKa of propranolol, i.e. 9.24. The PhC/Phl-liposomes, in contrast,

attracted the 3H-(ftS)-propranolol most between pH 8 and 9. The maximal PC

ranged from 1797 (MDCKsomes) to 5056 (PhC/Phl-liposomes), as compared

to 1766 determined with the PhC-liposomes. The minimal PC were found
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between 458 (PhC/PhE-liposomes) and 4500 (PhC/Phl-liposomes) at pH 7.

The PC in the PhC-liposome/buffer system at pH 7 was 601. Extrapolated PC

of the non-PhC lipids showed, that the net negatively charged lipids attract the

protonated propranolol more than the neutral molecule in contrast to the

neutral lipids PhC and PhE, which attract the neutral molecule more than the

protonated one. The PC/pH diagrams were fitted with a curve fitting program

using a superposition of Henderson-Hasselbalch equations. Best fits were

obtained with the pKa of propranolol and one or two pKa for the lipid

membranes. The membrane pKa between 10.0 and 10.4, arising in the

MDCKsome-, PhC/PhE-liposome- and PhC/PhS/Phl-liposome/buffer systems,

corresponds to the pKa of the primary amine of PhE and PhS. The other one

between pH 7.2 and 7.6 appeared in all examined systems except for the

PhC-liposome/buffer system. It may originate from variations in membrane

structure, a pH-dependent asymmetry of the lipids between the inner and

outer layer in mixed lipid membranes or from free fatty acids. The PC were

constant up to a propranolol/lipid ratio of 10~2, indicating that conditions

according to Nernst were fulfilled [W. Nernst, Z. Phys. Chem. 8, 110-139

(1891)]. Preliminary partition studies with MDCK cells cultured on microcarrier

beads as lipophilic phase, which represents an even more complex partition

system, revealed very high PC, i.e. about 10.000, around pH 7.5 as compared

to the liposomal systems. Around pH 5 and 6, however, the PC were similar to

those around pH 7 in the MDCKsome/buffer system.
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Zusammenfassung

Die Interaktionen eines Arzneistoffes mit den Lipidmembranen im Korper

bestimmen seine pharmakokinetischen und z.T. pharmakodynamischen

Eigenschaften. Die Affinitat des Arzneistoffes zu den Membranen kann mit

dem Verteilungskoeffizienten (VK) des Arzneistoffes zwischen den

Membranen und den umgebenden wassrigen Kompartimenten beschrieben

werden. Das pH-abhangige Verteilungsverhalten von 3H-(f?S)-Propranolol
zwischen Lipidmembranen und Puffer wurde in verschiedenen Liposomen/-

Puffer-Systemen mittels Gleichgewichtsdialyse bei 37°C untersucht.

Unilamellar Liposomen der Grossenordnung von 50 bis 320 nm wurden

entweder mittels Detergensdialyse Oder einer Gefrier-Tau-Filtrier-Methode

hergestellt. In vivo-Lipidmembranen wurden mit den MDCKsomen imitiert,

welche aus einem Chloroform/Methanol-Extrakt von Hundenieren-

Epithelzellen (MDCK Zellen) hergestellt wurden und 38 % (w/w)

Phosphatidylcholin (PhC), 24% Phosphatidylethanolamin (PhE), 14.7 %

Cholesterin, 4.8 % Triglyceride und etwa 13 % unbekannte Lipide enthalten.

Die anderen Liposomen bestanden aus den Phospholipiden, welche in den

MDCK Zellen am haufigsten vorkommen: PhC/PhE-Liposomen (69/31 w/w),

PhC/Phosphatidylserin (PhS)/Phosphatidylinositol (Phl)-Liposomen

(85.5/9.6/5.9 w/w) und PhC/Phl-Liposomen (69/31 w/w). Die Liposomen

wurden hinsichtlich Grosse, Stabilitat, Zetapotential und Restdetergensmenge

charakterisiert. Die Lipidkonzentration in den Verteilungsstudien betrug 1 bis

2 mg/ml, die 3H-(f?S)-Propranololkonzentration 10"9 M, was einem molaren

Propranolol/Lipid-Verhaltnis in der Lipidmembran von 10'6 entspricht. Als

hydrophile Phase wurde ein Phosphat-Zitrat-Borat-Universalpuffer eingesetzt,

dessen lonenstarke mit Natriumchlorid bei 230 mmol/kg konstant gehalten

wurde. Die Osmolalitat lag zwischen 280 und 300 mmol/kg, entsprechend

dem physiologischen Bereich. 3H-(f?S)-propranolol wurde mittels Flussig-

szintillationszahlung quantifiziert. Die VK wurden in Abhangigkeit des pH in

einem pH-Bereich von 7 bis 11, wo alle Liposomen stabil waren, untersucht.

Die Verteilungsdiagramme aller untersuchten Systeme waren glockenformig

im Gegensatz zum sigmoiden Kurvenverlauf beim PhC-Liposomen/Puffer-

System, welches von Pauletti und Wunderli-Allenspach beschrieben wurde

[G. M. Pauletti and H. Wunderli-Allenspach (1994) Eur. J. Pharm. Sci. 1, 273-

282]. Das Verteilungsverhalten im MDCKsomen/Puffer-System konnte am

besten mit den PhC/PhS/Phl-Liposomen imitiert werden. Bei alien Systemen,
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ausser dem PhC/Phl-Liposomen/Puffer-System, lag der maximale VK ober-

halb des pKa von Propranolol, d.h. oberhalb pH 9.24. Die PhC/Phl-

Liposomen dagegen ubten die grosste Anziehungskraft auf das Propranolol

bei pH-Werten zwischen 8 und 9 aus. Die maximalen VK reichten von 1797

(MDCKsomen) bis 5056 (PhC/Phl-Liposomen), verglichen mit 1766 im PhC-

Liposomen/Puffer-System. Die Minimalwerte lagen zwischen 458 (PhC/PhE-

Liposomen) und 4500 (PhC/Phl-Liposomen). Im Bereich von pH 7 betrug der

VK im PhC-Uposomen/Puffer-System 601. Die Extrapolation des VK fur die

Nicht-PhC-Lipide ergab, dass die negativ geladenen Phospholipide das

protonierte Propranolol starker binden als das neutrale Molekul im Gegensatz

zu den neutralen Phospholipiden PhC und PhE, welche das neutrale

Propranolol starker anzogen als das protonierte. Die VK-pH-Diagramme der

einzelnen Systeme wurden mittels eines "Curve fitting" Programms beschrie-

ben. Die verwendete Funktion basiert auf Henderson-Hasselbalch-

Gleichungen. Die kleinsten Abweichungen von den experimentellen Daten

wurden mit dem pKa von Propranolol und ein oder zwei pKa fur die jeweilige

Lipidmembran erreicht. Der mittels Kurvenangleichung ermittelte Membran-

pKa zwischen 10.0 und 10.4 im MDCKsomen/-, PhC/PhE-Liposomen- und

PhC/PhS/Phl-Liposomen/Puffer-System entspricht dem pKa des primaren

Amins des PhE und PhS. In alien untersuchten Systemen, ausser im PhC-

Liposomen/Puffer-System, wurde zudem ein Wendepunkt im VK-pH-

Diagramm zwischen pH 7.2 und 7.6 ermittelt. Dieser konnte von pH-abhangi-

gen Veranderungen in der Membranstruktur, von Lipid-Umverteilungen

zwischen der inneren und ausseren Lipidschicht der Membran oder von

freien Fettsauren herruhren. Die VK waren zwischen den Propranolol/Lipid-

Verhaltnissen von 10"6 und 10"2 konstant, was zeigt, dass unter Nernst-

Bedingungen gearbeitet wurde [W. Nernst, Z. Phys. Chem. 8, 110-139 (1891)].

Vorversuche mit auf Mikrotragern gezuchteten MDCK-Zellen als lipophile

Phase ergaben im Bereich von pH 7.5 sehr hohe VK von etwa 10'000. Bei pH

5 und 6 waren die VK ahnlich wie im MDCKsomen/Puffer-System im Bereich

von pH 7.



-5-

1. Introduction

One of the remarkable features of lipid membranes in the body is their barrier

function. Lipid membranes consist of bilayers forming a hydrophobic core and

hydrophilic interfaces with the bulk water. The charges of the hydrophilic lipid

headgroups and the ions within the aqueous layer next to these headgroups

influence the electrostatic forces between a solute and the membrane. High

hydrophobicity dominates the acyl chain region of the lipids, which interacts

with hydrophobic parts or molecules.

The fate of a drug molecule is predominantly determined by its ability to

cross such membranes. Absorption, distribution, biotransformation and elimi¬

nation are processes that include passage through or accumulation in lipid

membranes. As such processes are rather difficult to follow and to quantitate

directly, models have been established and physicochemical parameters are

used in order to predict pharmacokinetic behavior. The most important factor

is the partition coefficient (PC) which describes the ratio of solute concentra¬

tions between a lipophilic and an aqueous phase at equilibrium. At the turn of

the century Meyer and Overton already reported about the correlation

between partition coefficients and membrane passage (Meyer, 1899; Overton,

1901). In addition we know from Fick's law, that the diffusion of a solute

through a membrane depends on the PC.

The PC is not only used for membrane passage-linked processes, but it

is also the common term for the description of lipophilicity. Beside the interac¬

tions with membranes other effects like protein binding or pharmacodynamic

responses are found to be related with the PC of a molecule.

Therefore the PC is of utmost interest in drug design and quantitative

structure-activity relationship. In various studies partition coefficients were

correlated to biological activities (Hellenbrecht et al., 1973; Kubinyi, 1979;

Betageri and Rogers, 1989). Hansch and Dunn (1972) reviewed the linear

relationships between lipophilic character and biological activity of drugs.

Lien (1975) worked out the structure-absorption-distribution relationships and

their significance for drug design. Austei and Kutter (1983) described the

quantitative relationships between structure and pharmacokinetic properties

of chemical compounds. A review on quantitative structure - pharamcokinetic

relationships and drug design is given by Seydel and Schaper (1986).

Solute-membrane interactions in vitro have been compared with biological

activities by Paillous and Fery-Forgues (1994), for instance.
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Detailed description of the PC was first given by Nernst in 1891 (Nernst,

1891). The Nernst conditions for a liquid/liquid two-phase system to determine

true partition coefficients are: completely immiscible phases, a single mole¬

cular species, an activity coefficient of 1, guaranteed chemical stability and

constant temperature. If one or more of these conditions are not met, the PC is

called apparent partition coefficient (APC). The abbreviation TPC is used

throughout this work to describe the true partition coefficient of the un-ionized

molecule. The true partition coefficient of the ionized molecule is named PCj.

Brodie and Hogben (1957) developed the pH partition hypothesis,

describing the relation between resorption and distribution of weak acids and

bases in the organism and the lipophilicity and the state of ionization. Up to

date pH-dependent extrapolations of TPC are based on this work.

In the past, the lipophilicity of molecules was determined with a variety

of methods. Traditionally it is the octanol/buffer system which today provides

big data bases for whole molecules (e.g. Leo et al., 1971) and for substituents

(e.g. Hansch and Leo, 1979; Rekker, 1977; Rekker and De Kort, 1979; Bodor

et al., 1989; Bodor and Huang, 1992). These are used to estimate partition

coefficients of new molecules. Based on the knowledge gained by experi¬

ments, computer programs, e.g. CLOGP (Chou and Jurs, 1979), which uses

the fragment method developed by Hansch and Leo (1979) were designed.

Another program is CHEMICALC from Suzuki (1990, 1991). HINT

(hydrophobic interactions by Kellogg et al., 1991) was designed to calculate

the hydrophobic interactions between molecules. Gaillard et al (1994) presen¬

ted "Molecular Lipophilicity Potential". ProLogP and ProLogD are further

computer programs for the estimation of TPC and APC. On this background

octanol/water partition coefficients represent an integral part of quantitative

structure-activity relationship. A new method for the determination of the n-

octanol/buffer partition coefficients is given by Clarke and Cahoon (1987).

This method involves the potentiometric titration of a compound, first in water

and then in a rapidly stirred mixture of water and octanol. Partition coefficients

can thus be determined by varying the ratio of octanol to water. Beside n-

octanol also oils, hexane, heptane and other solvents were used for partition

studies.

Another approach makes predictions of the lipophilic character of a

solute by means of its retention time or capacity factor in chromatography. On

one hand traditional solid phases are used in HPLC (Carlson et al., 1975;

Nahum and Horvath, 1980; Barbato et al., 1990; Budvdri-Barany et al., 1990;
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Yamagami et al., 1990), on the other hand more sophisticated "immobilized

artificial membranes" were developed by Pidgeon and his coworkers

(Pidgeon and Venkataram, 1989; Ong and Pidgeon, 1995; Pidgeon et al.,

1995). Thin layer chromatography was also used for lipophilicity

determinations by McCall (1975), Henry et al. (1976), Dross (1992) and

Kossoy et al. (1992). Mirrlees et al. (1976) used HPLC with octanol entrained

on an inert suport as stationary phase. Others applied counter-current or

centrifugal partition chromatography (Vallat et al., 1990; Tsai et al., 1991).

Despite the many approaches no satisfactory prediction of the lipophilic

behavior of a drug is possible. This is strikingly illustrated by the large varia¬

bility of published data (Pauletti, 1993).

Based on the situation in vivo, where membranes represent the lipo¬

philic phase, we intend to establish a partition system based on lipid mem¬

branes. Various methods have been used to characterise solute-membrane

interactions. Common ones are NMR (Herbette et al., 1983; Stilbs et al., 1984;

Flewelling and Hubbell, 1986), calorimetry (Binford and Wadso, 1984;

Betageri et al., 1989; Constantinides et al. 1989), spectrophotometry using

fluorescence markers and UV spectroscopy (Welti et al., 1984; Matylevich et

al., 1986; Kaminoh et al., 1988; Lissi et al., 1990; Ricchelli et al., 1991;

Vermeir and Boens, 1992a, b). Surewicz and Leyko (1981), Seelig (1990)

and Rich et al. (1992) performed surface pressure measurements from

monolayer lipid films in order to study membrane-solute interactions. These

studies give information about the molecular arrangement of solutes in lipid

membranes rather than on PC.

On the other hand partition coefficients can be determined directly in

membrane/buffer systems. The distribution of drugs between higher alcohols

as models for membrane lipoids and water was first quantitatively described

by Collander (1951). Since than liposomes or membrane vesicles gained

much interest in partition studies (Rogers and Davis, 1980; Betageri and

Rogers, 1989a; Choi and Rogers, 1990, 1991; Ma et al., 1991, 1992; Rogers

and Young, 1993). The determination of the PC asks for appropriate methods

to separate the two phases, i.e. membranes and buffer. Separation can be

achieved by ultracentrifugation (Katz and Diamond, 1974), equilibrium

dialysis (Flewelling and Hubbell, 1986; Pauletti and Wunderli-Allenspach,

1994) or gel chromatography as described by Balaz et al. (1988).

The membranes used in previous partition studies consisted of various

lipids, e.g. lipid extracts from erythrocytes (Chatelain and Laruel, 1985), brain
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rnembranes (Oliveira et al., 1989, Carvalho et al., 1989) or stratum comeum

(Downing et al., 1993). Beside the lipid membranes also cell membrane

vesicles were used for partition studies like brush border membranes (Alcorn,

1991 and 1993).

Several groups studied thermodynamic aspects of partitioning (Rogers

and Davis, 1980; Anderson et al., 1983; Saket et al., 1984; Ahmed et al.,

1985; Betageri and Rogers, 1987; Oliveira et al., 1989). Other topics were the

influence on the PC of various lipids (Marra-Feil and Knutson, 1994), chole¬

sterol, lipid chain length and surface charge (Korten et al., 1980; Antunes-

Madeira and Madeira, 1984; Wright et al., 1990). Little interest was put on the

pH-dependence of the interactions so far with the exception of Pauletti and

Wunderli-Allenspach (1994). They studied the pH-dependent partition beha¬

vior of propranolol in the phosphatidylcholine (PhC)-liposome/buffer system

and found an ideal partition behavior, which could be explained with the ioni¬

zation states of the propranolol (pKa 9.24) and the PhC (pKa of the phosphate

group around 2).

This finding encouraged us to investigate the influence of various lipids

on the partition behavior of the model drug propranolol in the liposome/buffer

system. Biological membranes consist of a variety of lipids. Some of them

change their ionization state with changing pH. We therefore compared the

pH-dependent partition behavior of propranolol in membrane systems with

mixed lipids to the one in the PhC-liposome system. As a model for a mixed

lipid system we used liposomes consisting of lipids from Madin Darby canine

kidney (MDCK) cells, i.e. a kidney epithelial cell line. The interest of these

cells lies in the fact that in vivo they represent - as the lining of the nephron

tubule - an important barrier determining the elimination of a solute.

Molecules pass from the blood plasma into the primary urine by filtration in the

nephron. When the primary urine passes the tubules, lipophilic molecules get

reabsorbed through the epithelial cell membranes and stay therefore longer

in the body than hydrophilic solutes. The lipid composition of these

membranes has been analysed by Hougland (1974) and Haase et al. (1991)

(Tab. 1).With the liposomes consisting of these cell lipids and a buffer, which

is physiologically adapted we present a partition system which is more in vivo-

like than most other systems.
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Tab. 1. Major lipid compounds of MDCK cells

Lipid % (w/w) pKa pKa pKa Headgroup

a) b) c) d) e) d)

PhC 36.0 25.9 <1

PhE 19.3 20.5 1-2 -10

TG 14.1 2.3

CL 10.8 10.2

PhS 8.6 12.8 -3 -10

Phi 5.9 8.8 -3

Sph 5.3 8.3

PhA 7.2 3-4; 8-9

FFA 1.1

-0-(P02H)--0-CH2-CH2-N+(CH3)3

-0-(P02H)--0-CH2-CH2-NH3+

3-5 -0-(P02H)--0-CH2-CH(COO")(NH3+)

-0-(P02H)"-0-C6(OH)5

-0-(P02H)--0-CH2-CH2-N+(CH3)3

-0-(P03H2)-

a) PhC, phosphatidylcholine; PhE, phosphatidylethanolamine; TG, triglycerides; CL,

cholesterol and esters; PhS, phosphatidylserine; Phi, phosphatidylinositol; Sph, sphin-

gomyeline; PhA, phosphatidic acid; FFA, free fatty acids. D) published by Haase et al.

(1991), c) published by Hougland (1974), d) pKa of phosphate group described by
Marsh (1990),e) pKa of amine group as described by Tsui et al. (1986).

The same model drug, namely (RS)-propranolol, was used as by Pauletti and

Wunderli-Allenspach (1994). Propranolol is a p-adrenergic blocking agent

with basic characteristics. The pKa of the secondary amine is 9.24 at 37°C

(Pauletti and Wunderli-Allenspach, 1994).The pharmacokinetic parameters

are listed in Tab. 2.

OH

/==\ J—( H+

sV
^—NH

VJ
Protonated propranolol
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Tab. 2, Pharmacokinetic parameters of (f?S)-propranolol

daily dose about 300 mg

fraction absorbed > 0.9

first pass effect 0.6

bioavailability 0.3 (dose dependent)

elimination half-life 2-4 h

distribution half-life 10 min

renal clearance 0.9 l-min"1-kg"1

unchanged drug found in urine < 0.01

total urinary recovery > 0.9

protein binding 0.90 to 0.94

albumine binding 0.6

ai-glycoprotein binding 0.7

volume of distribution 2.8 to 5.5 l-kg-1
fraction metabolized 0.99 (oxidation, active metabolites)

(Meier, 1982; Johnsson and Regardh, 1976)

For our partition experiments we made use of the equilibrium dialysis tech¬

nique. This method allows the determination of the concentration in both

phases without disturbance of the equilibrium, in contrast to most other

methods. But it is only appropriate for molecules with relatively high partition

coefficients, i.e. above about 100. With lower PC the solute concentration

difference in the equilibrium dialysis cell chambers is too small for reprodu¬

cible results. With radioactively labeled molecules and the liquid scintillation

counting technique, 3H-(flS)-propranolol concentrations as low as 10"9 M

could be achieved, resulting in activity factors of 1.

In order to have an aqueous phase with buffering effects over a large

pH range, we used a universal buffer consisting of several buffering compo¬

nents. PC and pKa values of solutes and membrane lipids, respectively,

depend on the ion concentration of the surrounding aqueous phase

(Surewicz and Leyko, 1981; Tsui at al., 1986). Therefore we had to keep the

ionic strength constant over the whole pH range in partition studies. The buffer

system of Teorell and Stenhagen (1938), adjusted to constant ionic strength

and physiological osmolality by Pauletti (1993), was very suitable for the PhC-

liposome/buffer partition system with propranolol (Pauletti and Wunderli-

Allenspach, 1994). We therefore used the same buffer for our studies with

mixed lipid liposomes.
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For data analysis we could generate a function based on the Henderson-

Hasselbalch equation describing the pH-dependent APC of propranolol in the

MDCKsome/buffer system as well as in systems containing only single lipids

mixed with PhC mimicking the composition of MDCK cells. As expected, with

regard to the kind of interactions between the lipids and the solute, negatively

charged lipids had higher affinities for the positively charged propranolol than

the net neutral lipids. Changes in the pH and therewith in the ionization state

of the lipids and the drug resulted in changes in the APC.

Zetapotential measurements were used to verify pH-dependent chan¬

ges in the liposomes surface charges. A direct relation between the surface

charge of the liposomes and the APC is expected.

Partition studies were also performed with intact MDCK cells. This

represents an even more complex partition system than the mixed lipid

liposomes. Preliminary data indicate that at pH values around 7 the APC is

about tenfold higher than in the liposome/buffer system.



Leer - Vide - Empty
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2. Materials and Methods

2.1. Chemicals

(RS)-Propranolol hydrochloride #P-0884 was purchased from Sigma. From

Merck we obtained bovine serum albumine (BSA) #12018, sodium cholate

#12448 and methanol of HPLC grade for lipid extraction and HPLC analysis.

All other solvents for lipid extraction and HPLC analysis were from Romil

(Shepshed, UK), HPLC quality. W-(2-hydroxyethyl)piperazine-W-2-ethanesul-

fonic acid (HEPES) was obtained from Serva (Heidelberg, D) and

Tris(hydroxymethyl)-aminomethan maleate (TRIS maleate) was purchased

from Fluka (Buchs, CH). Radioactively labeled compounds were either

purchased from NEN/Du Pont as [Methyl-14C]-choline, 2 GBq/mmol #NEC

141 and [2,4-3H(N)]-cholic acid, 0.48 TBq/mmol #NET 382, or from Amersham

Int. as [U-14C]-amino acid mixture ,1.85 MBq/Milligramatom #CFB25; (S)-3-

Phosphatidyl[N-methyi.-3H]choline,1,2-dipalmitoyl (3H-DPPhC),
3.00 TBq/mmol #TRK 673; (S)-3-phosphatidyl[N-methyl-14C]choline-1,2-

dipalmitoyl (14C-DPPhC), 2.15 GBq/mmol #CFA 630; [Carboxyl-14C]cholic
acid sodium salt, 1.99 GBq/mmol #CFA 482; (RS)-[4-3H]propranolol hydro¬

chloride, 533 GBq/mmol #TRK 495. All other chemicals were of analytical

grade and purchased from Fluka (Buchs, CH). Chemicals and materials used

specifically for cell culture are listed under 2.3.1, Lipids see 2.4. Water was

purified by reverse osmosis with a Milli-RO®10 Plus unit and ultra filtered by a

Milli-Q®UF Plus unit, both from Millipore. Buffer solutions for other purpose

than cell culture or detergent dialysis were prepared with boiled purified water

to avoid CO2.

2.2. Buffer solutions

Various buffer solutions were prepared for cell culture, liposome preparation

and partition studies with cells or liposomes. Tab. 3 shows the final concentra¬

tions of buffer salts and of additional compounds in the solutions as well as the

final pH values at room temperature. Buffer solutions for partition studies were

adjusted to osmolalities between 290 and 310 mmol/kg with sodium chloride.

Osmomalities were determined with an Advanced Micro-Osmometer, Model 3
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MO, from Advanced Instruments (MA, USA). Before use or storage at 4°C all

solutions were filtered through 0.2 urn pore size filters.

» 0.01 M Phosphate buffered saline (PBS), pH 7.4:

Based on the phosphate buffer of Sarensen (1909a, b) Na2HP04-2H20,

KH2PO4 and NaCI were dissolved in water as described in Tab. 3. Ratios

of Na2HP04 and KH2PO4 can be chosen as to yield pH values between 5

and 8.

0.02 M, 0.06M and 0.1 M HEPES in Earle's balanced salt solution (EBSS):

EBSS contains 116 mM NaCI, 54 mM KCI, 18 mM CaCl2, 8.9 mM

Na2HP04, 8.1 mM MgSC-4, and 56 mM D-glucose. The osmolality of

EBSS is about 250 mmol/kg.

For the preparation of buffer solutions we used a ten fold concentrated

EBSS without NaCI (concentrated modified EBSS, concentrated MEBSS).

The NaCI was omitted to avoid too high osmolality values in presence of

additional buffer salts. The required amount of NaCI was added as indica¬

ted in Tab. 3.

HEPES buffer solutions were prepared from 1M HEPES, 1M NaCI, 10 fold

concentrated MEBSS and 1 M NaOH for pH adjustment. The buffer capa¬

city lies between pH 6.6 and 8.5.

0.01 M Glycyl-glycine-piperazine (Pip-Gly-Gly):

0.1 M Pip-Gly-Gly stock solution was prepared as follows: 0.861 g pipera-

zine anhydrous, 1.321 g glycyl-glycine and 20.0 ml 1 M HCI were dis¬

solved in water to a final volume of 100 ml. This stock solution was stored

under argon at -20°C. Buffer solutions were freshly prepared from 10 ml

0.1 M Pip-Gly-Gly stock solution, 10 ml tenfold concentrated MEBSS and 1

M NaCI. The pH value was adjusted with 1 M NaOH before the solution

was adjusted to 100 ml with water. This buffer system has a pH spectrum

from pH 4.4 to pH 10.8.
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0.05 M TRIS maleate

For 40 ml buffer solution 10 ml 0.2 M TRIS maleate, 4 ml tenfold concentra¬

ted MEBSS and 1 M NaCI were mixed and the pH values were adjusted

with 0.2 M NaOH. The solutions were completed to the final volume with

water. The buffer capacity is optimal between pH 5.2 and pH 8.6.

0.01 M Dulbecco's phosphate buffered saline (DPBS)

This phosphate buffer contains the divalent cations Ca2+ and Mg2+ in

contrast to the standard PBS (Duibecco and Vogt, 1954). The final salt

concentrations of the buffer solutions are listed in Tab. 3. The system has

buffering characteristics between pH 5.0 and 8.0.

Standardized universal buffer solutions (SUBS) according to Pauletti

(1993), based on the buffer system of Teorell and Stenhagen (1938)

SUBS: For the stock solution A 100 ml of citric acid solution and H3PO4,

which were equivalent to 1 M NaOH (indicator phenolphthalein), 3.54 g

boric acid and 343 ml 1 M NaOH were dissolved in water to a final volume

of 1000 ml. For 100 ml buffer solution 20 ml A were mixed with 1 M HCI to

adjust the pH to a value between 2 and 12. In order to reach a constant

ionic strength of 230 mmol/kg and a physiological osmolality, i.e. around

300 mmol/kg, 3.2 M NaCI was added. Solutions were flushed with nitrogen

to avoid contact with CO2. The amount of NaCI needed to adjust ionic

strength was calculated as described by Martin et al. (1983).
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Tab. 3. Final concentrations and pH values of buffer solutions.

Buffer system3) and cone, of

buffering components*3) [mM]

Additional salts and their cone.13) [mM] pH

(22°C)

DPBS:

KH2P04/Na2HP04 9.92/0.08

8.89/1.11

4.13/5.87

0.37/9.63

NaCI/KCI/CaCl2/MgCl2
137/2.68/0.90/0.49 4.84

5.78

6.84

7.97

HEPES/NaOH 97/20

95/51

95/0

96/20

99/49

96/0

MEBSS/NaCI 0.97C)/88

0.95/76

0.95/57

NaCI 101

82

67

6.84

7.40

8.74

6.83

7.63

8.74

PBS:

KH2P04/Na2HP04 1.97/8.03 NaCI 130 7.41

Pip-Gly-Gly/NaOH 10/0.6

10/13

10/16

10/18

10/20

MEBSS/NaCI 0.99/123

0.97/119

0.97/129

0.97/125

0.98/118

4.34

7.51

8.02

8.35

8.70

SUBS:

Citrate/phosphate/borate/NaOH/HCI

6.7/10/11.4/68.6/1.3 to 74.4

NaCI 151 to 130 2 to 12

TRISmaleate/HCI 46/4.6

TRISmaleate/NaOH 45/6.4

46/29

46/50

47/64

47/81

MEBSS/NaCI 0.92/80

MEBSS/NaCI 0.91/91

0.92/80

0.92/80

0.93/70

0.94/59

3.03

5.03

5.93

7.43

8.16

8.63

a) Abbreviations see text or List of Abbreviations, b) The final concentrations are often

lower than intended due to pH- or osmolality-correction after the volume was adjusted.
c) Ratio of MEBSS salts concentrations in the buffer solution and the MEBSS solution.
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2.3. MDCK cell culture

2.3.1. Materials

MDCK (Madin Darby Canine Kidney) cells were a gift from M. Paccaud, Institut

d'Hygiene (Geneva, CH). Monolayers were cultured either in Falcon® tissue

culture flasks or in multiwell plates from Becton Dickinson. Alternatively cells

were grown on Biosilon® microcarriers from A/S Nunc in spinner flasks (125

ml "Wheaton Magna-flex impeller assembly") from Wheaton Instruments. The

plastic microcarrier beads had a density of 1.05 g/cm3, a diameter between

160 and 300 urn and a culture area of 255cm2/g. For the preparation of

culture medium we used Minimum Essential Medium Eagle (Modified) with

Earle's Salts and 20 mM HEPES buffer without NaHC03 and without gluta-

mine #12-104-54, a 100 fold concentrated vitamins solution #16-014 and a 50

fold concentrated amino acids solution #16-011 from Flow Laboratories, L-

Glutamine 200 mM #043-05030, Penicillin-Streptomycin (10000 U/ml, 10000

ug/ml) #043-05140 from Gibco and fetal calf serum (FCS) #IT-315 from

Inotech (Wohlen, CH). 10 fold concentrated EBSS #16F3271 was purchased

from Flow. The Trypsin (0.5 g/l, activity: 1:250) - ethylene diamine tetraacetic

acid (EDTA) (0.2 g/l) solution prepared in modified Puck's saline A #043-

05300 was obtained from Gibco. Cristal violet #15 940 and toluidine blue 0,

zinc chloride double salt #15 930 were from Merck, trypan blue 0.4 % in

normal saline solution #59-41077 from Hazleton. 4',6-Diamidine-2-phe-

nylindole-dihydrochloride (DAPI) was purchased from Boehringer.

2.3.2. Standard conditions for cell growth on plane surfaces

MDCK cell monolayers were cultured in Minimum Essential Medium Eagle

(Modified) with Earl's salts and 20 mM HEPES containing 23 mM NaHC03,

1.74 mM L-glutamine, 87 U/ml penicillin, 87 ug/ml streptomycin and 8.7 %

FCS (EMEM) at 37°C and 5 % CO2. We applied about 0.3 ml medium per cm2

culture surface area.

The stock cultures were propagated by splitting 1:3 or 1:4 twice weekly.

To detach the cells from the surface they were treated with trypsin-EDTA solu¬

tion. The cultures were periodically tested for mycoplasma contamination

according to Russel et al. (1975). Stock cultures were grown for not more than
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100 passages. For the culture on 6-well plates subconfluent cells (24 h after

splitting), diluted 1:2, were used. For storage the cells were kept in liquid nitro¬

gen in EMEM containing 20 % FCS and 10 % dimethylsulfoxide.

Cell counting was performed in the light microscope by means of a Neubauer

chamber (Haemocytometer). 5 fields of 0.1 mm3 were counted for each

determination. For optimal results about 20 cells per field should be present.

Viability test by trypan blue staining:

Cell suspensions were diluted with an equal volume of 0.4 % (w/v) trypan blue

in 0.9 % NaCI and incubated for 2-5 minutes at 37°C before counting.

Penetration of the blue stain into the cells indicates membrane leakage, i.e.

cell death.

2.3.3. Cell culture on microcarriers

For partition experiments MDCK cells were cultured on microcarriers. We

started with 10 ml EMEM containing about 107 cells from a plane culture at

exponential growth phase and 0.7 g Biosilon® microcarriers, corresponding to

a surface area of 180 cm2. The suspension was stirred for 2 minutes at inter¬

vals of half an hour. After 5 hours 20 ml EMEM were added. Then the suspen¬

sion was stirred continuously. 24 hours after the start the medium was re¬

newed. To visualise the cells grown on microcarriers in the light microscope

they were stained with toluidin blue.

The cells could not be counted directly as complete detachment from

the microcarriers is difficult. However, the cell nuclei could be released accor¬

ding to Wezel (1973) by treating the culture with 0.1 % (w/v) cristalviolet in 0.1

M citric acid and then be counted in the Neubauer chamber. In order to count

the beads 0.2 ml of a 1:5 diluted culture suspension was dried on a grated

slide. Then the beads were counted in the light microscope.
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2.4. Lipids

Phosphatidylcholine (PhC) and phosphatidylethanolamine (PhE), both from

egg, phosphatidylserine (PhS) from bovine spinal cord, phosphatidylinositol

(Phi) from vegetable fat (wheat germ), sphingomyelin (Sph) from bovine spinal

cord, all grade I, phosphatidic acid (PhA) and lysolecithin (LPhC) were

purchased from Lipid products (Nutfield, Surry, UK). Monostearylglycerol

#M2015 as model lipid for monoglycerides (MG), diolein #D8894 as model

lipid for diglycerides, tristearin #T5016 as model lipid for triglycerides (TG),

cholesterol (CL) #C8667, cholesteryl stearate #C9503, L-a-phosphatidyl-DL-

glycerol, sodium salt #P5531 and cerebroside (Cer), mixed from bovine brain

#C4905 were from Sigma. Stearic acid and oleic acid were obtained from

Siegfried (Zofingen, CH). For the enzymatic determination of PhC we used the

PL MPR2 #691844 kit including the choline standard solution 54.1 mg/dl from

Boehringer.

2.4.1. Extraction of MDCK cell lipids

For lipid extraction, MDCK cells were grown as monolayers for 3 to 4 days

under standard conditions before they were scraped. Scraped cells were

stored at -20°C under argon. The extraction was performed within a few

weeks. About 109 cells (5550 to 5700 cm2 culture surface area) were extrac¬

ted with chloroform/methanol 2/1 (v/v) and purified by Folchs method (Folch et

al., 1957).To avoid oxidation of the lipids, the extracts were flushed with nitro¬

gen. The cells were first extracted with 10 ml methanol, then with additional 20

ml chloroform. The bottom organic layer was filtered through a glass fibre filter

#4 from Schott (D). The residual insoluble material was again extracted with

30 ml chloroform/methanol (2/1 v/v), and filtered through the glass fibres. The

residue was washed with 20 ml chloroform, followed by 10 ml methanol. The

combined filtrates were collected in a measuring cylinder and one quarter of

its volume (about 19 ml) 0.88 % (w/v) KCI was added. The mixture was shaken

thoroughly in a shake flask and allowed to settle. The bottom organic layer

was collected and one quarter of its volume (16 ml) methanol/water (1:1) was

added and the washing procedure was repeated. The phases were allowed to

settle for some minutes and the bottom layer, which contained the lipids, was

collected. The upper phase was centrifuged at 1000 rpm for 10 minutes in a
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Hettich Universal 30F centrifuge to yield 5 to 10 ml more of the organic phase.

The collected organic phases were reduced at 37°C and 200 mbar on a rota-

vapor R 134 from Biichi (Flawil, CH) to about 1 ml pale yellowish solution.

After the transfer to a glass ampoule the lipids were dried in a nitrogen stream

over night to a slightly yellow transparent film weighing 30 to 40 mg. The

ampoule was filled with nitrogen before sealing and stored at -20°C. Extracted

lipids were used for experiments within eight days.

2.4.2. Average molecular weights (Mrav) of the lipids

The Mrav of all kinds of lipids used were calculated with the respective Mrav of

the fatty acid chains, taken from the data sheets of the purchased lipids or from

Hougland (1974) in the case of MDCK lipids. The Mrav of the lipid mixtures

were calculated from the Mrav of the single lipids in respect to their molar

contribution. The lipid composition of the MDCKsomes, which are liposomes

consisting of MDCK lipids, was determined by HPLC as described under

2.5.2.1. The Mrav of the lipid mixtures, used for liposome preparation, are

listed in Tab.4.

Tab. 4. Estimated average molecular weights (Mrav) of lipids and lipid

mixtures.

Lipid, mixtures Composition (w/w) Estimated Mrava)

MDCK lipids b) 647

PhC from egg 789

PhC from MDCK 786

PhC/PhE 69/31 771

PhC/Phl 69/31 800

PhC/PhS/Phl 99.8/0.1/0.1 789

PhC/PhS/Phl 85.5/8.6/5.9 788

PhE from egg 734

PhE from MDCK 726

Triglycerides from MDCK 876

a) The calculated Mrav of the single lipids are: 786 for MDCK PhC, 734 for egg PhE, 726

for MDCK PhE, 827 for wheat germ Phi, 758 for bovine PhS and 876 for MDCK triglyce¬
rides. °) see Tab. 9.
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2.5. Analytical procedures

2.5.1. Quantification of protein in MDCK cells

For the protein determination between 5-105 and 3-106 MDCK cells were dis¬

solved in 1.0 ml 2.5 % sodium dodecylsulfate (SDS). 20 to 100 |il of this solu¬

tion were adjusted with water to 1.0 ml and protein was determined on a Cary

1E spectrophotometer from Varian at 757 nm by the folin phenol protein

quantitation method according to Peterson (1983), which is a modification of

the method described by Lowry (1951). Standard curves were established

with BSA in 0.2 % SDS for 10 to 90 ng protein, using 1 cm plastic cuvettes.

Linear regression resulted in a specific absorption of 5.7 ± 0.34 per mg BSA

(n=8).

2.5.2. Lipids

2.5.2.1. Separation and quantification of lipids by High Performance Liquid

Chromatography (HPLC)

The identification and the quantification of the single lipids of the MDCK cell

lipid extract and of the MDCKsomes, which are liposomes consisting of MDCK

cell lipids, were determined on a Varian HPLC system, consisting of the

solvent delivery system #9012, and the autosampler #9100. The lipids were

detected with a mass detector ACS 950/14 (ACS, Cheshire, UK). The detec¬

tion is based on nebulization of the solvent stream containing the solute and

carrying it by an air stream through an evaporator, where the solvent is evapo¬

rated leaving a fine mist of solute particles which is detected by a photomulti-

plier. The detector temperature was 90°C and the air flow about 8 l/min. The

units were controlled by a Varian Star workstation. For the lipid separation we

used a Spherisorb S3W Si-60 3nm, 4.6 x 150mm column from PhaseSep

(Norwalk, CT, USA). Between the separation column and the autosampler a

Lichrospher Si-60 5 um, 4 x 250mm saturation column from Merck and a pre-

column filter #A316 with REP FRIT #A-103X from Upchurch Scientific were

inserted. The separation method is based on descriptions by Christie (1985

and 1986). Lipids were separated using a solvent gradient, which is described

in Tab. 5. The flow rate was 1 ml/min.
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0 -> 1 100

1 -< 5 100 ->• 80

5 — 5.1 80 -> 42

5.1 —> 7 42 ->• 32

7 ->• 20 32

20 ->• 20.1 32 -» 30

20.1 ->• 25 30 -100

25 -»• 30 100

0 — 20

20 -

52

52

52

52 - 70

70 -* 0

Tab.5. Solvent gradient for the separation of MDCK cell lipids by HPLC on a

Spherisorb S3W Si-60 3nm column with 1 ml/min flow rate.

Time [min] %A«0 % B«) % Ca)

0

0

0 - 6

6 -> 16

16

16 -->• 0

0

0

a) A, hexan/tetrahydrofuran (THF) 99/1 (v/v); B, isopropanol/chloroform 4/1 (v/v);

C, isopropanol/water 1/1 (v/v)

MDCK cell lipids were extracted with chloroform/methanol 2/1 (v/v) as descri¬

bed under 2.4.1. Lipids of MDCKsomes (3 mg) were extracted with 1 ml

chloroform/methanol 2/1 (v/v) twice. The solvent was evaporated under

nitrogen and the lipids were dissolved in 1 ml solvent. For the quantitative

analysis we injected 20 to 60 jil lipid solution 3 mg/ml in chloroform/methanol

2/1 (v/v). As standard solutions we used a mixture of the major components

found in the MDCK cell lipid extract containing about 1.2 mg/ml PhC, 1 mg/ml

PhE, 0.5 mg/ml cholesterol and 0.2 mg/ml tristearin and solutions of the minor

components, i.e. 0.1 mg/ml PhS, 0.1 mg/ml Phi, 0.1 mg/ml PhA and 0.1 mg/ml

LPhC. For standard curves between 10 and 70 |xl of the standard solutions

were injected. The detector was sensitive to lipid amounts of about 1 ng. The

other lipids listed under 2.4. were all checked if present in the MDCK cell

extract.

2.5.2.2. Spectrophotometric quantification of lipids by the formation of a

coloured iron-phospholipid complex

For the determination of total lipid concentration in partition experiments we

followed a method described by Stewart (1980), based on the complex forma¬

tion between ammonium ferrothiocyanate and phospholipids, which can be

extracted in chloroform and measured spectrophotometrically. This method is
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sensitive to about 20 ug phospholipids and is judged as a good alternative to

other methods like HPLC or determination of the inorganic phosphate after

hydrolysis of the phospholipids. Preparation of 0.1 N ammonium ferrumthio-

cyanate: 27.0 g ferrum chloride hexahydrate and 30.4 g ammonium rhoda-

mide were dissolved in water and adjusted to 1 litre. 2 ml of this solution were

mixed with samples in water or chloroform containing between 30 and 140 u.g

lipid. Chloroform was added to adjust the final chloroform volume to 2.0 ml. As

high affinity of the aqueous phase to glass makes it difficult to separate the

phases if glass tubes are used, the samples were prepared in polypropylene

tubes. The samples were shaken for 1 minute and centrifuged at 3000 rpm for

5 minutes. The aqueous phase was removed with a pasteur pipette and the

organic phase was measured at 470 nm. As standard for PhC we used solu¬

tions of about 0.9 mg/ml in chloroform, containing about 1 kBq/ml ^H-dtpalmi-
toyl-PhC (^H-DPPhC) as an internal standard. For the determination of the

MDCK lipids and lipid mixtures we prepared standard solutions of the same

composition as the samples. The lipid concentrations of the standard solutions

were determined gravidimetrically on a Mettler ME30 balance after evapora¬

tion of the solvents. The corresponding molar absorption coefficients of the

various lipids at 470 nm are listed in Tab. 6. For control we determined the

concentration of a PhC sample also by enzymatic choline determination

according to Takayama et al. (1977) using a commercially available kit and

choline standard solution for calibration. The results revealed with the two

methods were identical (data not shown).
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Tab.6. Specific absorption coefficients of various phospholipids and lipid

mixtures determined spectrophotometrically according to Stewart (1980).

Phospholipid or lipid mixture Specific absorption coefficient

per mg lipid and per cma)

PhC 5.87 ±0.117b) (n=8)

PhC/PhE 69/31 (w/w) 4.24 ± 0.293 (n=2)

PhC/Phl 69/31 (w/w) 4.46 (n=1)

PhC/PhS/Phl 99.8/0.1/0.1 (w/w) 5.87°)

PhC/PhS/Phl 85.5/8.6/5.9(w/w) 4.50 (n=1)

MDCK lipidsd) 3.26 ±0.161 (n=8)
a) The specific absorption coefficients of the phospholipid-ammoniumferrothiocyanate
complexes were determined from 5 to 6 samples containing between 30 and 140 ng

lipids at 470 nm by linear regression. *>) Standard deviation of n independent determina¬

tions. c) For this composition the specific absorption of PhC was used, d) for composi¬
tion see Tab. 9.

2.5.3. Liquid scintillation counting (LSC)

LSC is the optimal detection method in partition experiments, because of its

very high sensitivity (see Discussion). 3H-(flS)-propranolol with a specific

activity of 533 GBq/mmol, which we used in our partition studies, for instance,

can be detected with a sufficient precision (2 sigma error = 2 %) at concentra¬

tions of about 10"10 M, within 10 minutes and sample volumes of 200 ul. For

the quantification of the lipid phase in liposome or cell suspensions, 14C- or

3H-labeled compounds were incorporated. Dual label counting made it then

possible to calculate the ratio of solute to lipid phase for every sample. LSC

was performed with a LS7800 or LS6800 from Beckman or a Packard 2000

CA Tri-Carb® Liquid Scintillation Analyzer from Packard Canberra. For

sample volumes up to 200 ul 4 ml mini vials were used with 3 ml Ultima Gold

LSC cocktail #6013329 from Canberra Packard. 500 ul samples were

measured in 20 ml standard vials with 10 ml Ultima Gold. Samples were

measured in triplicates. The minimal dpm value was about 1000 and 2 sigma

error was maximal 2%. With control measurements we made sure that any

spillover could be neglected in dual label counting.
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2.6. Liposomes

2.6.1. Preparation of liposomes

Liposomes of various lipid compositions were prepared either by the deter¬

gent dialysis (DD) method according to Zumbuhl and Weder (1981) or by the

freeze thaw filter (FTF) technique according to Wunderli-Allenspach et al.

(1993) based on the extruder method described by Mayer et al. (1986). The

liposomes consisting of MDCK cell lipids were called the MDCKsomes.

2.6.1.1. Detergent dialysis (DD)

DD liposomes were prepared using sodium cholate as detergent. Lipid com¬

positions, total amounts and the respective lipid/cholate ratios for the produc¬

tions are summarized in Tab.7.

Tab. 7. Composition of the micelle suspensions in PBS, pH 7.4 for liposome

preparation by means of detergent dialysis.

Lipids Composition (w/w) Total lipid Sodium Lipid/cholate

weight [mg] cholate [mg] [mol/mol]a)
PhC 175 164 0.58

PhC/PhE 69/31 60 60 0.56

PhC/Phl 69/31 60 60 0.54

PhC/PhS/Phl 99.8/0.1/0.1 175 164 0.58

PhC/PhS/Phl 85.5/8.6/5.9 60 60 0.55

MDCK lipids b) 60 60 0.67

a) Calculated with the average molecular weights of the lipids listed in Tab. 4. b) see

Tab. 9

Lipids and sodium cholate were dissolved in 20 ml chloroform/methanol 2/1

(v/v) and dried in a 250 ml round flask on a rotavapor at 37°C and 100 rpm to

a clear film. The pressure was 200 mbar at the beginning for about half an

hour, then it was reduced to 140 mbar for another two hours and finally to 80

mbar/160 rpm for at least 2 hours. In the case of MDCK cell lipids the lipids

were first dried at 200 mbar/140 mbar for 1 hour before the sodium cholate
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was added in 20 ml chloroform/methanol 2/1 (v/v). The procedure was then

continued as described. The lipid/detergent film was stored under a nitrogen

stream (if used immediately) or in a desiccator overnight. The lipid/detergent

mixture was resuspended in 5 ml PBS, pH 7.4 at 25°C by shaking on a vortex

and the solution transferred to a 15 ml tube. The flask was washed with

another ml PBS, pH 7.4, which was added to the bulk solution. The clear solu¬

tion was passed through a 0.2 urn pore size filter. Detergent dialysis was then

performed at 25°C by means of a liposomat from Diachema (Munich, D) using

a high permeability preconditioned cellulose membrane with a Mr cutoff of

10,000 and a size of 18 x 18 cm2, also from Diachema. Tubings were from

Masterflex, on the micelle side #6411-13, on the buffer side #6409-14. Flow

rates were 0.2 to 0.3 ml/min on the micelle side and 2.0 ml/min on the buffer

side. After 28 hours of dialysis, the resulting opalescent liposome suspension

was passed through a 0.2 urn pore size filter and stored at 4°C or at room

temperature, if used within 48 hours. For reasons of equilibration of the lipid

membranes, the liposome preparations were not used before the next day.

2.6.1.2. Freeze thaw filter (FTF) technique

A solution of 60 mg lipids in about 20 ml chloroform/methanol 2/1 (v/v) was

dried in a 250 ml round flask as described under 2.6.1.1. The composition of

the lipids is summarized in Tab. 8. The dried lipids were then resuspended in

5 ml PBS, pH 7.4, by rotating the flask, which also contained some tiny glass

beads (d = 2 mm), for about 5 minutes at room temperature. After swirling the

flask on a vortex mixer the milky lipid suspension was aspirated a few times

and than pipetted into two cryo tubes 4.5 ml from Nunc. The flask was washed

with 1 ml PBS, pH 7.4, which was also added to the tubes. The tubes were

passed through 8 cycles of freezing (10 minutes in liquid nitrogen) and

thawing (10 minutes in a 37°C waterbath). Finally the suspension was passed

8 times through a 0.2 urn pore size filter. These liposomes were not used

before the following day.
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2.6.2. Characterization of the liposomes

2.6.2.1. Size distribution by dynamic light scattering (DLS)

For the size distribution and zetapotential measurements (see under 2.6.2.2.)

we used a ZetaSizer 3 from Malvern Instruments (UK) with a 5 mW helium

neon laser, X = 633 nm, equipped with a 72-channel correlator. The size

distribution was determined by dynamic light scattering (DLS, photon correla¬

tion spectroscopy) at 25°C at a scattering angle of 90° and parallel laser beam

in the AZ10 sizing cell using a cylindrical glass cuvette with an inner diameter

of 0.8 cm. The run time was 10 or 20 times 10 seconds. For optimal results the

liposomes were diluted to about 105 counts per second (slightly opalescent),

which corresponds to lipid concentrations between 0.05 and 1 mg/ml,

depending on the vesicle size. The intensity distribution was calculated using

the cumulants (monomodal) method (see Berne and Pecora, 1976), which

assumes nothing about the distribution form and results in the z average

mean value and the polydisperity factor.

2.6.2.2. Zetapotential measurements

The zetapotential of the liposomes was determined by microelectrophoresis

on a ZetaSizer 3, described under 2.6.2.1., at 37°C using the AZ4 electropho¬

resis cell. The applied DC voltage over the glass capillary with the sample was

around 100 V, the current was 20 mA, the run time 200 seconds. Samples with

lipid concentrations between 0.05 and 1 mg/ml, producing count rates bet¬

ween 8-104 s"1 and 2.9-105 s_1 were incubated for 5 hours at 37°C at the

respective pH value before the measurements. The electrode chamber of the

electrophoresis cell, which was separated from the sample by two cellulose

membranes, contained the respective buffer solution.
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2.7. Partition experiments

2.7.1. Quantification of the lipid phase

In our partition experiments the lipid phase, i.e. liposomes or cells, is suspen¬

ded in buffer. For the calculation of the partition coefficients (see under 2.8.)

we need to know the volume or the molar concentration of the lipid phase

within a sample. Therefore we determined the lipid concentration or cell

number, respectively, after every partition experiment.

2.7.1.1. Liposomes

MDCKsomes and other liposomes were labeled with about 100 Bq 14C-

DPPhC per mg lipids, which was added to the lipid film during the liposome

preparations (see under 2.6.1.). The ratio of 14C-DPPhC/total lipids was

determined by LSC and spectrophotometrically (see under 2.5.3. and

2.5.2.2.). This allowed us to determine the 3H-(flS)-propranolol and the lipid

concentrations of every sample simultaneously by dual label LSC.

Alternatively the lipid concentration was determined spectrophotometrically

(see 2.5.2.2.). The calculation of the volume of the lipid phase is described

under 2.8.

2.7.1.2. MDCK cells

The culture medium of the cells was labeled with about 1 kBq 14C-amino acid

mixture per ml EMEM revealing 40 to 80 Bq per ml cell suspension in partition

experiments. The 14C-activity was correlated with the cell number. The esti¬

mation of the volume of the lipophilic phase is described under 2.8.

2.7.2. pH adjustment

The MDCKsomes and liposomes were prepared in PBS, pH 7.4. For partition

experiments we had to exchange the PBS against SUBS of various pH

values. About 1.3 ml MDCKsome suspension in PBS, pH 7.4, (about 14 mg
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lipids) were dialysed against 100 ml SUBS of the respective pH value by

means of a preconditioned dialysis tubing #D-9277 from Sigma with a Mr cut

off of 5,000 and a diameter of 5 mm. After 8 hours, when the pH value was

equilibrated, the MDCKsome suspension was adjusted to 7 ml with the

respective SUBS. This suspension was immediately used for partition experi¬

ments.

The other liposomes were diluted with SUBS of the respective pH

value: About 0.7 ml (0.25 ml in the case of PhC/PhS/Phl 99.8/0.1/0.1)

liposome suspension in PBS, pH 7.4, containing about 8 mg lipids were

adjusted to 4 ml with SUBS.

For the pH-adjustment of the cell suspensions the microcarrier cultures

were washed with EBSS and suspended in the respective buffer solution.

2.7.3. Equilibrium dialysis

Partition coefficients were examined by means of equilibrium dialysis. For the

liposomes we used Macro 1 equilibrium dialysis cells from Dianorm (Munich,

D) with a working volume of 1.0 ml and for experiments with cell cultures

Macro 2 cells with a working volume of 2.0 ml. The two cell chambers were

separated by a preconditioned cellulose membrane with a Mr cutoff of 10,000

#10.16 from Dianorm (thickness when dry 10.0 ± 0.5 urn). One ml liposome

suspension or 2.0 ml cell culture suspension, containing between 5-102 and

5-103 Bq/ml 3H labeled (RS)-propranolol mixed with non labeled (/^-pro¬

pranolol, as indicated, was filled in one chamber and the same volume of the

respective buffer solution into the other chamber. The lipid concentrations

were 1 -2 mg/ml in the liposome suspensions and 0.02-0.03 mg/ml in the cell

culture suspensions. The dialysis cells were rotated with 4 rpm at 37°C by a

drive unit Typ GD 4/88 from Dianorm. After 5 hours the contents of the dialysis

cells were collected and the pH values of the buffer samples were determined

at 37°C with an Ingold Ag/AgCI combination microelectrode. Triplicates of

200 nl of each chamber (500 u,f if 2 ml dialysis cells were used) were pre¬

pared for LSC (see under 2.5.3.). The remaining liposome suspension was

used for phospholipid quantification (see under 2.5.2.2.) and size analysis

(see under 2.6.2.1.).
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2.8. Calculation of apparent partition coefficient (APC)

The APC is defined as the ratio of the concentrations between the lipophilic

phase and the hydrophilic phase at equilibrium. It was calculated based on

the mass balance of 3H-(flS)-propranolol. The liposome membrane and the

cell material, respectively, represent the lipophilic phases, the buffer solutions

the hydrophilic phases. Various partition coefficients are presented in litera¬

ture. In this work we use the following:

" APC of molar concentrations

APC = ^ (eq. 1)

The mass balance for the membranes containing chamber is:

CLBVLB = C|_ • V|_ + CB (V|_B - V|_) (eq. 2)

From this we can calculate CL, which can not be measured directly:

r
(C|_B V|_B) - CB (V|_B - V|_)

, ONCl =

vl (eq. 3)

Replacing CL in Eq. 1 results in:

APC =J^^g)JJ^jLCAlVL
Cb Vl

Rearranging eq. 4:

APC =^§^.^+1 (eq.5)

where Cl is the molar drug concentration in the lipophilic phase, i.e. the

membrane or the cell material, Cb the molar drug concentration in the

buffer solution, Clb the drug concentration in the liposomes/cells contai¬

ning chamber, VLB the sample volume of the liposome/cell suspension

and Vl the volume of the lipophilic phase within VLB- Vl was calculated

from the lipid or lipid and protein concentrations assuming a density of 1
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g/ml for both. Published density of phosphatidylcholine bilayer ranges from

1.0135 g/ml to 1.0142 g/ml with 50 mol % of cholesterol, respectively

(Lasic, 1993).

Lipid standardized molar partition coefficient:

The APC can also be calculated in respect to the molar concentration of

lipids in the lipophilic phase (APCm), replacing Vlb/Vl by 1/Q, where C| is

the molar lipid concentration of the sample, or by division of APC through

the molar lipid concentration within the membrane. The dimension is there¬

fore [NT1].

APC" =

cr (CLcBCB + V& (eq-6>

Under Nernst conditions (see introduction; Nernst, 1891) and if APCm » 1

and only one lipid species exists in the membrane, APCm corresponds to

the association constant Ka of a 1:1 lipid-solute complex:

Ka= ^ = APCm (eq. 7)

where [LS] is the molar concentration of the solute-lipid complex and [L]

and [S] are the molar concentrations of unbound lipid and unbound solute.

The curve fitting of the pH-dependent partition coefficients was established

according to eqs. 8 and 9 (see Results, 3.4.2.2.) using the curve fitting program

proFit 4.1 from QuantumSoft, Zurich (Switzerland). After 105 to 10°" iterations

the parameters with the lowest chi2 values were chosen.
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3. Results

3.1. MDCK cells

MDCK cells and liposomes consisting of MDCK cell lipids, the MDCKsomes,

were used as lipophilic phases in partition studies. The MDCK cells were rou¬

tinely cultured on plane surfaces. For partition studies with cells cultures were

grown on microcarrier beads.

3.1.1. Characterization of the MDCK cell line

3.1.1.1. Growth curves under standard conditions

For the characterization of the MDCK cell line growth curves were established

for cells grown on plane surfaces (6 well plates) as well as for those grown on

microcarrier beads. The cells were cultured under standard conditions in

EMEM and counted at various times up to 8 days after seeding (see Materials

and Methods 2.3.). Characteristic growth curves are shown in Fig. 1.

Fig. 1. Growth curves of MDCK

cells. Subconfluent cells were dilu¬

ted 1:2 and cultured as monolayers
on Falcon® 6-well plates (o) and on

Biosilon® microcarrier beads (•)

under standard conditions (see
Materials and Methods, 2.3.). Cells

or nuclei were counted in the

Neubauer chamber as described

under Materials and Methods, 2.3.

Each symbol represents the cell

0 48 96 144 192 number of 2 to 4 cultures, the error

i~„« rw bars indicate ± s.

The plateau of the growth curve was reached at around 48 h in the microcar¬

rier cultures and between 96 and 144 hours on the 6 well plates. For partition

studies we therefore used microcarrier cultures grown for 72 hours. At this

time the plateau was reached. A confluent monolayer was present and the
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cells were still attached and viable (> 97 % as checked by trypan blue, see

Materials and Methods, 2.3.2.). For lipid extraction cells grown on plane

surfaces were scraped after 72 or 96 hours.

3.1.1.2. Protein contents of MDCK cells cultured on 6-well plates

The protein contents was determined for cells grown on 6-well plates (see

Materials and Methods, 2.5.1.). Fig. 2A shows the protein contents per cm2. A

plateau around 80-90 ug/cm2 is reached after about 50 hours and remains

fairly stable up to 200 hours. If the protein content is plotted per cell (Fig. 2B) a

gradual decrease is noted from ~ 0.6 ng/cell at 24 hours to ~ 0.25 ng/cell at

200 hours.
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Fig. 2. Protein content of MDCK cells. MDCK cells were cultured on 6-well plates under

standard conditions (see Materials and Methods, 2.3.2.). At various times the protein
contents of two wells were determined according to Peterson (see Materials and

Methods, 2.5.1.). The cell numbers of two wells were determined as described under

Materials and Methods, 2.3.2. (A) protein amount per cm2 culture area, (B) protein con¬

tent per cell. The symbols and error bars indicate the means ± s.

3.1.1.3. Lipid and protein contents of a microcarrier cell culture

In order to characterize the cells used in partition studies we examined micro-

carrier cultures after 72 hours for their protein and lipid contents. At this time

the plateau of the growth curve is reached. Proteins were quantified after the

method of Peterson (1983) (see Materials and Methods, 2.5.1.). The amount

per cell was 209 pg ± 28 (n=8). The lipids were determined according to

100

100 150 200 0

time [h]
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Stewart (1980) (see Materials and Methods, 2.5.2.2.). The lipid content was

50.2 pg ± 10.1 (n=10) per cell. This corresponds to 0.078 pmol ± 0.016 lipids

per cell, calculated with the Mrav of MDCK cell lipids of 647 (see Tab. 4). A

lipid to protein ratio (w/w) of 0.24 can thus be calculated. As the MDCK cell

lipid extract contains at least 60 % (w/w) phospholipids (see Tab. 9), the

phospholipid/protein ratio (w/w) is > 0.14. With a Mrav of 110 for amino acids a

molar ratio of 0.04 lipids/amino acids is obtained.

3.1.2. Radioactive labeling of the MDCK cells

For the calculation of partition coefficients the lipophilic phase needs to be

quantified (see Materials and Methods, 2.8). Simultaneous determination of

drug and cells was established by dual label LSC with 3H-(flS)-propranolol
and 14C-labeled cells. Cells were either cultured with 14c-amino acids to

label proteins or with 14C-choline to get labeled lipids.

3.1.2.1. Influence of the amino acids concentrations on the growth of MDCK

cells

In order to optimize the uptake of radioactively labeled amino acids by MDCK

cells (see under 3.1.2.2.), we tried to decrease the concentrations of the unla¬

beled amino acids in the standard medium. Therefore, we studied the influ¬

ence of various amino acid concentrations on the growth of the MDCK cells.

Concentrations were reduced down to 1/16 of standard medium (see Fig. 3).

The concentration of L-glutamine, of all other nutritients and of buffer salts

remained unchanged. Only the commercial medium contained phenol red.

Any reduction of the amino acids concentration in the medium reduces

growth. This was confirmed by the morphological observations in the light

microscope. Best growth was found in freshly prepared standard EMEM.

Under these conditions monolayers were still intact after 142 hours, when

those in commercial EMEM started to detach. The cultures with lowered amino

acids concentrations consisted of rounded up cells. Domes were only formed

in the 1/1 media. Therefore we decided to use standard EMEM for the labeling

of the cells with 14C-amino acids. The difference found between the commer¬

cial and the freshly prepared standard EMEM could be due to the degradation



-36-

of nutritients during the storage of the commercial medium or to the influence

of phenol red on cell growth as described by Walsh-Reitz and Toback (1992).

in

b

3 -

E
o

o
Q.

Fig. 3. Influence of the amino acids

concentrations on the growth of

MDCK cells. Growth curves were

established as described under

Materials and Methods, 2.3.2., with

commercial standard EMEM (o),

freshly prepared standard EMEM

(•), or modified EMEM containing
1/2 (), 1/4 (), 1/8 W or 1/16 H
of the standard amino acids con¬

centrations. pH values were bet¬

ween 7.03 and 7.25 (37°C, 5%

CO2) and the osmolality between

326 and 330 mmol/kg. At each time

point the cell numbers of two wells were determined and expressed per cm^ area, the

error bars indicate ± s.
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3.1.2.2. Uptake of 14C-amino acids and 14C-choline by MDCK cells

MDCK cells were cultured on 6 well plates under standard conditions

(Materials and Methods, 2.3.2.). They were labeled with 14C-amino acids or

14C-choline. The total recoveries and the activities of the cells are shown in

Fig. 4 as % of the added 14C-activity. The maximal uptake was reached after

72 hours with both labels: About 80 % for 14C-choline and about 30 % for

14C-amino acids. With 14C-amino acids-labeled cells the recovery of 14C

gradually decreased to 72 % 192 hours after seeding, probably due to meta-

bolization of labeled compounds to 14C02-
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96 144

time [h]

192

Fig. 4. 14C-amino acids and

14C-choline uptake by MDCK

cells. MDCK cells were grown

on 6-well plates under standard

conditions with 70.3 Bq 14C-

amino acid mixture (•) or 241 Bq
14C-choline () per cm2 culture

area. The open symbols indi¬

cate the 14C-activity of the cells

determined by LSC. The closed

symbols indicate the total reco¬

veries of the 14C-activity. Each

symbol represents the mean of

2 wells + s (within the symbols).

Fig. 5 shows, that the specific activity of labeled proteins reaches a plateau at

around 24 hours and stays nearly constant over the whole culture time, indi¬

cating that the amino acids uptake is closely related to the protein synthesis in

the cell. The protein contents were determined as described under Materials

and Methods, 2.5.1. The 14C-activities were also calculated per cell. The

activity per cell after 192 hours was about half of that at 48 hours for both

labels. The results show that both types of labeling, i.e. amino acids and cho¬

line, are adequate tools for quantification of cells.

50 100 150 200

time [h]

Fig. 5. Ratio of 14C-activity and protein
contents in 14C-amino-acid labeled MDCK

cells (see Fig. 4). The ^4C-activities from the

14C-amino acid labeled cells were normali¬

zed to the protein content of the cultures.
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3.2. Liposomes

As a model for biological membranes in partition studies unilamellar lipo¬

somes were used as lipophilic phases. They were prepared by either the

detergent dialysis (DD) or the freeze-thaw-filter (FTF) technique both in PBS,

pH 7.4 (see Materials and Methods, 2.6.1.). Liposomes with various lipid com¬

positions were produced and characterized (Tab. 8).

Tab. 8. Characteristics of liposomes used for partition studies

Short name3) Lipid composition Lipid/cholate ratio Size [nm] at

[w/w] [mol/mol]

before / after

detergent dialysis0)

pH 7.40

DD-MDCKsomes b) 0.67 / 360 187

FTF-MDCKsomes b) -300

DD-PhC/PhE 69/31 0.56 / 74 49

FTF-PhC/PhE 69/31 260

FTF-PhC/PhE/Cholate 69/31/1 56d) 324

FTF-PhC/Phl 69/31 193

DD-PhC/PhS/Phl 99.8/0.1/0.1 0.58 68

DD-PhC/PhS/Phl 85.5/8.6/5.9 0.55 / 103 58

DD-PhC 0.60 / 700e) 69

FTF-PhC -250

a) DD, prepared by the detergent dialysis technique; FTF, prepared by the freeze-

thaw-filter technique; PhC, phosphatidylcholine; PhE, phosphatidylethanolamine; Phi,

phosphatidylinositol; PhS, phosphatidylserine. b) see Tab. 9. c) see under 3.2.1. d) no

detergent removal. e) as determined by Pauletti (1993).r) listed are z average mean

values, see under 3.2.3.

The liposomes with the most complex lipid composition were the

MDCKsomes. They were prepared from lipid extracts of MDCK cells (see

Materials and Methods, 2.4.1). Beside the MDCKsomes we also used lipo¬

somes consisting of various combinations of the lipid components of MDCK

cells (see Tab. 8). The lipid ratios base on HPLC analysis of the MDCK cell

lipid extract on one hand and on published data on the other hand (Haase et

al., 1991).
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3.2.1. Kinetics of detergent dialysis during liposome preparation

The residual detergent in the membranes of DD-liposomes may influence the

partition behavior of a drug. Therefore, it is important to study the kinetics of

detergent removal and to determine the residual amount of cholate in the lipo¬

somes. This was performed for three types of liposomes: MDCKsomes and

liposomes containing PhC/PhE (69/31 w/w) and PhC/PhS/Phl (85.5/8.6/5.9

w/w) respectively.

Fig. 6. Kinetics of detergent re¬

moval. Liposomes of MDCK

cell lipids (), PhC/PhE (69/31,

w/w) (•) and PhC/PhS/Phl

(85.5/8.6/5.9 w/w) () (see
Tab. 7) were prepared by de¬

tergent removal from micelle

solutions containing 60 mg lipid

and sodium cholate each in 6 or

7 ml PBS, pH 7.4, using the

detergent dialysis method (see
Materials and Methods,

2.6.1.1.) at room temperature .

The flow rate of the micelle so¬

lution was 0.2 to 0.3 ml/min, and of the buffer solution 2 ml/min. For the determination of

the cholate/lipid ratio radioactively labeled sodium cholate and DPPhC were added as

tracers: PhC/PhE (69/31 w/w)/cholate- and PhC/PhS/Phl (85.5/8.6/5.9 w/w)/cholate-mi-
celles were labeled with 104 Bq14C-DPPhC and 106 Bq 3H-sodium cholate, MDCK cell

lipid/cholate micelles were labeled with 105 to 106 Bq 3H-DPPhC and 105 to 106 Bq
14C-sodium cholate. At each time point two samples of 20 |il were analyzed by dual

label LSC. Data of two independent experiments with MDCK cell lipids and one of

PhC/PhE and PhC/PhS/Phl each are presented.
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Kinetics determined by means of dual label LSC using radioactively labeled

cholate and DPPhC as tracers are shown in Fig. 6. Two kinetic phases can be

distinguished with all preparations. An initial fast phase which leads to lower

cholate/lipid ratios in the MDCKsomes than in the other preparations and a

final slow phase, which is determining at ratios below 0.004 (MDCKsomes)

and 0.01 to 0.02 (others). For the stock preparation of the DD-liposomes we

therefore chose a dialysis time of 28 hours. The final ratios of lipid/cholate

(mol/mol) of the examined liposomes are listed in Tab. 8 at the beginning of

this chapter.
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3.2.2. Composition of the MDCK cell lipid extracts and the MDCKsomes

The composition of MDCK lipid extracts and MDCKsomes were studied by

HPLC as described under Materials and Methods, 2.5.2.1. We found no signi¬

ficant differences between the two (Tab. 9). This indicates that no major lipid of

the extract gets lost during the DD-MDCKsome preparation. A representative

chromatogram of the lipid extracts is shown in Fig. 7.

TG CL Cer PhE PhC
Fig. 7. HPLC chromatogram of a MDCK cell

lipid extract. The lipids of MDCK cells were

extracted with chloroform/methanol 2/1 (v/v)
as described under Materials and Methods,

2.4.1. About 0.1 mg extract were separated on

a Spherisorb S3W Si-60 3nm, 4.6 x 150mm

column using a solvent gradient consisting of

hexan/tetrahydrofuran 99/1 (v/v), isopropan-
ol/chloroform 4/1 (v/v) and isopropanol/water
1/1 (v/v) (see Materials and Methods,

2.5.2.1.). Lipids were detected with a mass

(light scattering) detector. CL, chloroform; TG, triglycerides; MG, monoglycerides; Cer,

Cerebrosides; Sph, sphingomyeline; other abbreviations see tab. 8 or List of

Abbreviations.

MG

V/-J
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Tab. 9. Major compounds of MDCK cell lipid extracts and MDCKsomes as

determined by HPLC

Lipid MDCK extract

lipids [%]a)

MDCKsomes

lipids [%]a)
PhC

PhE

Tg

CL

Cer

PhS

Phi

not identified

recovery

35.0 ± 3.14 38.4 ± 2.73

23.6 ± 1.90 24.1 ± 1.32

5.5 ± 1.17 4.8 ± 0.24

14.9 ± 2.18 14.7 ± 0.71

1.27 ±

<0.1

<0.1

1.47 b)
b)

b)

-13

-93 -95

Lipids were extracted from MDCK cells with chloroform/methanol 2/1 (v/v) as described

under Materials and Methods, 2.4.1. MDCKsomes were prepared by detergent dialysis
from the lipid extract and their lipids were again extracted by chloroform/methanol 2/1 for

the HPLC analysis. Details see Fig. 7 and text. Listed are means of 4 independent lipid
extracts ± standard deviations and means of 2 runs of one MDCKsome preparation ±

standard deviations, respectively. The relative lipid contents of the MDCKsomes were

checked periodically revealing the same results. a) % of the injected amount (w/w), b)

not analysed.

3.2.3. Size distribution of the liposomes

Dynamic light scattering (DLS):

Size distribution of liposomes was characterized by the z average mean value

and the polydisperity factor measured by DLS as described under Materials

and Methods, 2.6.2.1. As a standard for stability studies, liposomes were

measured at 25°C after a stabilization period of 24 hours after preparation

(see Tab. 10). The FTF-technique reveals larger liposomes in the range of 200

to 300 nm than the DD-technique, which reveals liposomes in the range from

50 to 200 nm.
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Tab. 10. Size distribution of various liposomes used for partition studies.

Short name z Average mean Polydispersity

[nm] ± s factor ± s

DD-MDCKsomes n=5 187 ± 6 0.077 ± 0.018

FTF-MDCKsomes n=2 -300 0.14 to 0.2

DD-PhC/PhE 69/31 n=2 48.9 ± 0.3 0.191 ± 0.017

FTF-PhC/PhE 69/31 n'=2 260 ± 2 0.215 ± 0.010

FTF-PhC/PhE/Cholate 69/31/1 n'=4 324 ±27 0.351 ± 0.048

FTF-PhC/Phl 69/31 n'=4 193 ± 6 0.114 ± 0.023

DD-PhC/PhS/Phl 99.8/0.1/0.1 n'=2 67.9 ± 0.1 0.068 + 0.025

DD-PhC/PhS/Phl 85.5/8.6/5.9 n = 2 57.5 ± 0.3 0.204 ± 0.033

FTF-PhC n'= 1 -250 -0.27

DD-PhC n = 3 68.6 ± 1.29 0.083 ± 0.025

Liposomes were prepared either by detergent dialysis (DD) or by a freeze-thaw-filter

(FTF) technique (see Materials and Methods, 2.6.1.). The size distribution was exami¬

ned 24 hours after preparation in PBS, pH 7.4, on a Zetasizer 3 from Malvern (UK) by
means of dynamic light scattering at 25°C (see Materials and Methods, 2.6.2.1.). n:

number of independent preparations, n': number of measurements, if only one prepara¬

tion was examined.

Electron microscopy:

The MDCKsomes were also studied by electron microscopy. Fig. 8 shows the

freeze-fracture electron micrograph of MDCKsomes in SUBS at various pH

values between 7 and 11. Before freezing the liposomes were incubated at

37°C. The diameter of single liposomes is between 100 and 200 nm at all

examined pH values. In general they seem to be unilamellar though a few

show more than one bilayer. Twin liposomes can be detected at all pH values.

The surfaces are homogeneous and show no domain formation or phase

separation, indicating that the membranes are in a liquid cristalline state. The

flexible shape of the liposomes is due to high fluidity of the membranes.
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Fig 8 Freeze fracture electron micrograph of MDCKsomes in SUBS at various pH

values MDCKsomes were prepared by detergent dialysis of MDCK cell lipid/cholate

micelles in PBS, pH 7 4 The pH was adjusted by dialysis against SUBS (see

Materials and Methods, 2 7 2) and incubated for at least 5 hours at 37°C before prepa¬

ration by freeze fracturing (A) MDCKsomes in SUBS pH 7 0 (B) pH 7 6 (C) pH 9 6,

(D) pH 11 2 The lipid concentration of the samples is about 10 mg/ml Samples were

frozen in a propan-jet and fractured at -150°C according to Muller et al (1980)
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3.2.4. Stability of the liposomes

Size distribution as determined by DLS was also used to test the stability of

liposomes. For this purpose, measurements were performed after the partition

experiments, i.e. after 5 hours of equilibrium dialysis at 37°C. Fig. 9 shows the

z average mean values of MDCKsomes in SUBS at various pH values after

pH-adjustment and partition experiments, respectively. The pH-dependent

size distributions of DD-PhC/PhE (69/31 )-liposomes and DD-PhC/PhS/Phl

(85.9/9.5/5.6)-liposomes after storage up to 270 hours at 37°C are illustrated

in Fig. 10. The storage temperature had no significant influence on the size

distribution of all tested liposomes.
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Fig. 9. Size of DD-MDCKsomes

as determined by DLS before

and after partition experiments.

Immediately after pH-adjustment

by dialysis against SUBS (o)
and after the partition experiments

by equilibrium dialysis during 5 h

at 37°C (•) the sizes (z average

mean values) were determined at

25°C. The polydispersity factor

was below 0.1 for all preparati¬
ons above pH 7.

All measurements were performed at 25°C. Measurements at 37°C yielded

the same results (data not shown). In general the polydispersity factor of a

preparation did not change significantly if the z average mean value was

unchanged. An increased z average mean value was accompanied by an

increased polydispersity factor. The MDCKsomes aggregate visibly at pH

values lower than 4. Flocculation was detected during the pH-adjustment. The

same could be seen in the case of PhC/PhE- and PhC/PhS/Phl-liposomes at

pH 2 but not at pH > 4. Based on the results on stability with the MDCKsomes

we chose pH values between 7 and 12 for further investigations. The size

distribution of liposomes used in partition studies was constant during pH-

adjustment and partition experiments as checked periodically.
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Fig 10. Sizes of DD-PhC/PhE-lipo-

somes (69/31 w/w) and DD-PhC/-

PhS/Phl-liposomes (85 5/9 6/5.9

w/w). The pH-value was adjusted

by dilution with SUBS. After

7 hours (black), 24 h (white) and

270 h (grey) storage at 37°C the

z average mean values were deter¬

mined by DLS. After 270 h aggre¬

gates were visible in the suspen¬

sions of both preparations at pH 2.

The z average mean value for both

preparations at pH 11 after 270 h

storage was about 4 |im. The size

distributions of the liposomes in

PBS, pH 7.4, are listed in Tab. 10.

3.2.5. Zetapotential of the liposomes

The surface charge of the lipid membranes is an important physicochemical

parameter in respect to the interaction of drug molecules with the membranes.

Changes of the ionization state of the outer membrane layer should lead to

changes in the electrophoretic mobility of the liposomes and therefore be

recognized using this technique. We examined the zetapotentials of

MDCKsomes, PhC (DD)-, PhC/PhE (69/31, w/w, DD and FTF)- and

PhC/PhS/Phl (85.5/8.6/5.9 w/w, DD)-liposomes suspended in SUBS of

various pH values (see Materials and Methods, 2.6.2.2.). Fig. 11 shows, that

only the PhC liposomes have a neutral zetapotential over nearly the whole pH

range used in partition experiments. Around pH 11 it gets negative, which can

be explained by the hydrolysis of PhC (see 3.2.6.). The zetapotential of the

MDCKsomes decreases linearly from about -15 mV at pH 6 to about - 40 mV

at pH 11. For the PhC/PhE- and the PhC/PhS/Phl-liposomes we have not

enough data to evaluate the pH-dependence of the zetapotential. At pH 2 both
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preparations are neutral. The FTF-PhC/PhE-liposomes stay neutral (< 3 mV)

up to pH 7. At pH 9.5 the zetapotential is around -10 mV. DD-PhC/PhE- and

DD-PhC/PhS/Phl-liposomes, in contrast, revealed a negative zetapotential at

pH values above 5.5, i.e. -3 to -10 mV (no data between pH 2 and 5.5). At pH

9.5 the zetapotential of DD-PhC/PhE-liposomes was between - 15 and - 20

mV and of DD-PhC/PhS/Phl-liposomes around - 13 mV. pKa of the lipids

could not be determined with the available data.
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Fig. 11. Zetapotentials of liposomes. Liposomes of various lipid compositions were dilu¬

ted in SUBS and incubated at 37°C for 5 hours. The zetapotentials were measured in a

Zetasizer 3 from Malvern (UK) as described under Materials and Methods, 2.6.2.2. The

lipid composition of the liposomes are listed in Tab. 10. (A) DD-PhC-liposomes; (B) DD-

MDCKsomes; (C) PhC/PhE-liposomes (69/31 w/w), (•) DD-liposomes, (o) FTF-lipo-

somes; (D) DD-PhC/PhS/Phl-liposomes (85.5/9.6/5.9 w/w).
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3.2.6. Stability of the membrane phospholipids

In order to evaluate the stability of the phospholipids during partition experi¬

ments, we examined the pH-dependent hydrolysis of [N-methyl-14C]DPPhC,
which was incorporated in MDCKsomes, under equilibrium dialysis conditions

(37°C, 5 hours) between pH 7 and 12. 14C-labeled hydrolysis products

would pass the dialysis membrane and therefore be detectable in the buffer

phase. At pH values above 11 an increase of the "I 4C-activity in the buffer

phases was systematically found (Fig. 12). Based on these results partition

experiments were performed below pH 11.
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Fig. 12. Hydrolysis of [N-methyl-
14C]DPPhC in partition experi¬
ments. [N-methyl-14C]DPPhC la¬

beled MDCKsomes (about 100

Bq/mg lipid) were used for partition

experiments, i.e. 5 hours equili¬
brium dialysis at 37°C. The lipid
concentration was about 2 mg/ml.
The 14C-activity of both cell

chambers was determined by
LSC. Hydrolyzed 14C-DPPhC

was calculated in % of the total

DPPhC. The symbols are means

of 3 samples per dialysis cell, the

error bars indicate ± s.

3.3 Buffer systems

For the partition studies using liposomes as lipophilic phases, we chose

SUBS as proposed by Pauletti (1993) (see Materials and Methods, 2.1.).

SUBS between pH 7 and 12 had no influence on the size distribution of the

MDCKsomes nor of the other liposomes as described under 3.2.4. The parti¬

tion experiments were therefore performed within this pH range (see also

3.2.6.).

The optimal buffer system for partition studies with MDCK cell cultures

was evaluated by examination of the viability of cells in various buffer soluti¬

ons. The culture medium of confluent MDCK cell monolayers on 6 well plates
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was replaced by the respective buffer solution and the culture was incubated

at 37°C. Every few hours up to 46 hours the cultures were checked in the light

microscope and the cells of the monolayers were counted as described under

Materials and Methods. The tested buffer systems were HEPES/NaOH, Glycyl-

glycine/Piperazine-2HCI/NaOH, TRIS maleate/NaOH and Dulbecco's PBS,

respectively (see Materials and Methods, 2.2.). HEPES-EBSS, pH 7.2, was

suitable at the examined concentrations of 0.1 M, 0.06M and 0.02 M, but only

the two higher concentrations had a sufficient buffer capacity. Regarding also

other pH values (Fig. 13), HEPES-EBSS 0.06 M seemed to be the most

suitable buffer system. In HEPES-NaCI solutions the cells separated within a

few hours and rounded up. In 0.01 M Glycyl-glycine-piperazine the cells deve¬

loped big vacuoles after a few hours. In 0.01 M PBS the cells detached after a

few minutes. In 0.05 M TRIS maleate the amount of attached cells decreased

significantly between 9 and 24 hours at pH 7.2 and 8.3. At pH 7.8 no decrease

in number was found for 24 hours. In Dulbecco's PBS the MDCK cells stayed

intact for 6 hours. After 24 hours the cells at pH values 5, 6 and 8 were deta¬

ched from the surface, whereas the cells at pH 7.4 were still attached, but

separated from each other. Partition experiments with MDCK cell cultures

were therefore performed with 0.06 M HEPES-EBSS (pH 6.6 to 8.5) and

Dulbecco's PBS (pH 5 to 8), respectively.
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Fig. 13. Evaluation of the optimal buffer solutions for partition experiments with MDCK

cell cultures. The medium of 72 h old MDCK cell cultures grown on 6-well plates was

replaced by the respective buffer solution. 8.5, 22 and 46 hours after the replacement
the numbers of the attached cells were determined as described under Materials and

Methods. The bars indicate the means ± s.
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3.4. Partition experiments

The pH-dependent partitioning of 3H-(f?S)-propranolol between liposomes of

various lipid compositions and buffer (SUBS) and between MDCK cells and

buffer was determined by means of equilibrium dialysis.

3.4.1. Equilibrium conditions

To determine the time to reach the equilibrium concentrations, we examined

the kinetics of the 3H-(RS)-propranolol distribution in the equilibrium dialysis

cells at pH 7.2 and 11.2. The experiments were performed at 37°C with 1 ml

dialysis cells and cellulose membranes with a Mr cut off of 10,000. Dialysis

was stopped at various times up to 8 h and samples were analyzed by LSC.

Fig. 14 shows the time-dependent concentrations of 3H-(flS)-propranolol in

both chambers in % of the initial concentration. The data could be fitted best

by exponential functions. The respective half lifes were 26.5 min in the buffer-

containing chamber at pH 7.2, 22.9 min in the MDCKsomes containing cham¬

ber at pH 7.2, 15.4 min in the buffer-containing chamber at pH 11.2 and 13.9

min in the MDCKsomes containing-chamber at pH 11.2. For partition

Fig. 14. Equilibrium dialysis
of 3H-(f?S)-propranolol in the

MDCKsome/SUBS system..

The lipid concentration of the

MDCKsome suspension

was 1 mg/ml, the initial 3H-

(ftS)-propranolol concentra¬

tion in the liposome suspen¬

sion was 10"8 M. The equili¬
brium kinetics were deter¬

mined at pH 7.2 (open sym¬

bols) and pH 11.2 (closed

symbols). The 3H-(RS)-
propranolol concentrations in

both cell chambers were de¬

termined by LSC, (•) liposome suspension, () buffer phase. Details see text. The

symbols indicate the percentages of the initial concentration of one cell each. Samples
were taken up to 480 min and data were fitted as described under Materials and

Methods, 2.8., using exponential functions (—) (half lives see text).

100 200

time [min]

300
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experiments we therefore chose a dialysis time of 5 h. After this time not less

than 99.96 % (value calculated for the buffer phase at pH 7.2) of the final con¬

centrations are reached.

3.4.2. pH-dependent partitioning of 3H-(f?S)-propranolol in various liposome/-

buffer systems

3.4.2.1. Experimental results

The pH-dependent partitioning of 3H-(f?S)-propranolol between liposomes of

various lipid compositions and a standardized universal buffer system (SUBS)

was determined by means of equilibrium dialysis at 37°C. Tab. 8 summarizes

the preparation techniques as well as the compositions and characteristics of

the examined liposomes. The lipid concentration in partition experiments was

2 mg/ml. The initial concentration of 3|H-(RS)-propranolol in the liposome sus¬

pension was 10"9 M. The final concentration of 3H-(f?S)-propranolol in both

dialysis cell chambers was determined by LSC (see Materials and Methods,

2.5.3.). The 3H-recovery was around 95 to 100 %. The APC was calculated

according to equation 5 under Materials and Methods, 2.8.

The partition behavior of 3|-l-(RS)-propranolol in the MDCKsome/SUBS

system between pH 7 and 11 (Fig. 15A) is not a function of the ionization state

of the drug alone, i.e. propranolol (pKa at 37°C 9.24), as was found by Pauletti

(1993) for the PhC-liposome/SUBS system within this pH range (Fig. 15B).

The highest APC, around 1700 to 1800, are reached near the pKa of the

propranolol whereas the APC of the PhC-liposome system increase with

increasing pH values up to a plateau above pH ~ 10.5 as would be expected

from the ionization curve of propranolol.

The contribution of the various lipids to the pH-dependent partition

diagram, was studied in partition experiments with liposomes consisting of

PhC, PhE, PhS and Phi (lipid ratios as indicated). To examine whether the

difference in partition behavior bases on the presence of negatively charged

lipids, we first studied the influence of PhS and Phi (Fig. 16). The partition

behavior of 3|H-(flS)-propranolol between liposomes consisting of
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Fig. 15. Partition behavior of 3H-(RS)-propranolol in the DD-MDCKsome/- and the DD-

PhC-liposome/SUBS systems. The apparent partition coefficients (APC) were determi¬

ned by means of equilibrium dialysis at 37°C. (A) DD-MDCKsomes, 3 sets of experi¬

ments, printed are means of 5 dialysis cells ± s; (B) DD-PhC-liposomes, printed with

permission from Pauletti (Pauletti, 1993). ( ) p«a of propranolol at 37°C equals 9.24

(Pauletti, 1993).

PhC/PhS/Phl (99.8/0.1/0.1 w/w) and SUBS (Fig. 16B) is very similar to the

one between PhC-liposomes and SUBS (Fig. 16A) as far as the shape of the

pH-dependent partition curve is concerned. In both cases the ionization curve

of propranolol can be recognized clearly. If the ratio of PhC, PhS and Phi is

changed to 85.5/9.6/5.9 w/w (Fig. 16C), the shape of the partition curve chan¬

ges as well and is found to be very similar to the MDCKsome-pattern (Fig.

16D). The ionization curve of propranolol can hardly be recognized in these

systems. Changes occur at lower and higher pH values than at the pKa of

propranolol, leading to lower APC above and below the pKa of propranolol.

The DD-PhC/PhS/Phl-liposomes (85.5/8.6/5.9 w/w) seem to imitate quite well

the MDCKsomes, although the APC are higher in the PhC/PhS/Phl-liposome

system. In order to compare the partition coefficients directly, we calculated

APCm using the molar propranolol/lipid ratio in the lipid membrane instead of

the propranolol concentration in the membrane (see Materials and Methods,

2.8.). Fig. 17 shows that the APCm of the MDCKsome- and the DD-

PhC/PhS/Phl-liposome system are quite similar. The difference could be due

to non-phospholipids in the MDCKsomes - like cholesterol - which attract

propranolol less than phopsholipids do (see Discussion). The APCm of the

MDCKsomes was therefore corrected for the minimal amount of



-53-

APC

3000

2000

1000

0

3000

2000

1000

0

"a
' !

1
'

1

1

i

i
"

-

I

1 •

E
i

i

i

-

•

•

i

i

i

i
i. i ' 1

7 8 9 10 11

i 1 i 1 ' i ' I 1

0 i

' f •

• i

I i

i

i i „

i

i

i

i
, i i , i l__L.

8 9

PH
10 11

->—i—'—rT-1—i—'—r

B

• • • -

i i i i i_

•
•*••

J i L

APC

3000

2000

1000

7 8

—I—i—|—

D

9 10 11
~

I

I

_J i I i I I I i L

8 9

PH
10 11

3000

-2000

-1000

0

Fig. 16. Influence of PhS and Phi on the partition behavior of 3H-(/?S)-propranolol in

liposome/SUBS systems. For experimental details see figure 15. The liposomes were

prepared by detergent dialysis. (A) PhC/PhS/PhI liposomes (99.8/0.1/0.1, w/w), one

set of experiments; (B) PhC-liposomes (see Fig. 15); (C) PhC/PhS/PhI liposomes

(85.5/9.6/5.9 w/w), one set of experiments ; (D) MDCKsomes (see Fig. 15).

phospholipids, by division by 0.6 (Tab. 9). As Fig. 17 shows, the APCm of the

PhC/PhS/Phl-liposome system lies in between the uncorrected and the maxi¬

mal corrected APCm of the MDCKsome system.

The amounts of the negatively charged lipids in the PhC/PhS/Phl-

liposomes (85.5/9.6/5.9) correspond to published values (Haase et a!., 1991).

The MDCKsomes contain only traces of these lipids as examined by HPLC

(see 3.2.2.). But from zetapotential measurements (see 3.2.2.5.) we conclude

that negatively charged lipids are present within the examined pH range.
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Fig. 17. Partitioning of 3H-

(RS)-propranolol in the DD-

MDCKsome/SUBS and the

DD-PhC/PhS/Phl-liposome

(85.5/8.6/5.9, w/w)/SUBS

systems. APCm in the MDCK-

some/SUBS system without

correction (•) and normalized to

the minimal content of

phospholipids in the MDCK-

somes (APC divided by the

molar fraction of 0.6) () and

APCm in the PhC/PhS/Phl-

liposome (85.5/9.6/5.9 w/w)
/SUBS system (x).

Beside the negatively charged lipids we also examined the influence of PhE

on the partition behavior of propranolol. After PhC, PhE is the most important

lipid in MDCKsomes and MDCK cell membranes. In the PhC/PhE-liposome

(69/31 w/w) system the ionization curve of propranolol can be recognized as

in the PhC-liposome system. Additionally there is a change around pH 10

leading to a decrease of the APC at higher pH values (Fig. 18).
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Fig. 18. Influence of PhE on the

partition behavior of 3H-(flS)-
propranolol in liposome/SUBS

systems. For experimental
details see figure 15. The lipo¬

somes were prepared by deter¬

gent dialysis. (•) PhC/PhE-lipo-
somes (69/31, w/w), data from

two sets of experiments, sym¬

bols are means of 3 dialysis
ceils ± s; (+) PhC-liposomes

(see Fig. 15).

The examined DD-liposomes contained between 0.1 and 1 % (w/w) residual

cholate (Tab. 8). Therefore we studied the influence of the residual detergent

using FTF-liposomes, which lack detergent, consisting of PhC, PhC/PhE

(69/31 w/w) or MDCK cell lipids, respectively. In addition FTF-PhC/PhE-lipo-

somes were produced in the presence of 1 % (w/w) cholate. The residual
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cholate in DD-PhC-liposomes (Fig. 19A) and in DD-PhC/PhE-liposomes (Fig.

19B) reduced the APC at pH values above 9, as compared to FTF-liposomes.

The cholate in the FTF-liposomes has a similar effect as the residual cholate

in the DD-liposomes (Fig. 19B). The constant shift of APC from the FTF- to the

DD-MDCKsomes could be due either to the influence of cholate or to analyti¬

cal variability.

The examined liposomes containing negatively charged lipids all

undergo ionization changes within the examined pH range. In order to study a

pH-independent negatively charged membrane, we prepared PhC/Phl-

liposomes (69/31) using the FTF-technique to avoid any influence of cholate.

As Fig. 20 shows the addition of Phi leads to a remarkable increase of APC

over the examined pH range.
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Fig. 19. Influence of cholate on the partition behavior of 3H-(flS)-propranolol in lipo-
some/SUBS systems. For details see figure 15. (•) DD-liposomes. (o) FTF-liposomes.

(A) FTF-liposomes containing 1 % (w/w) cholate. (A) PhC-liposomes, DD-liposomes
see Fig. 15, FTF-liposomes data from one set of experiments. (B) PhC/PhE-liposomes

(69/31 w/w), DD-liposomes see Fig. 18, FTF-liposomes data from two sets of experi¬
ments. (C) MDCKsomes, DD-liposomes see Fig. 15, FTF-liposomes data from one set

of experiments. Symbols are means of 3 or 5 (DD-MDCKsomes) dialysis cells ± s.
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3.4.2.2. Analysis of the partition data

The partition studies indicate that the APC depends not only on the ionization

state of the drug but also on the one of the lipids in the membrane, as was

already described by Pauletti and Wunderli-Allenspach (1994). Based on the

Henderson-Hasselbalch equation the following function for the description of

the partition behavior of 3H-(f?S)-propranolol in the MDCKsome/SUBS

system was generated.

APC =

1 TPC, TPC„ TPC|,|

i+iopKa-pHt(i+iopH,/l|-pH)(i+iopH-pH|/l")+ i+iopH-pH|/ll+ i+iopH|/l,|-pH
]+

1 PCi| PCi„ PCi|||
i+iopH"pKa [(i+iopH|/l|-pH)(i+iopH-pM|/,,l)

+

i+iopH-pH|/ll+;i7iopH|/ll,-pH ]

(eq. 8)

pKa pKa of (F?S)-propranolol = 9.24 (Pauletti, 1993)

TPC|, || or III true partition coefficient (TPC), i.e. partition coefficient of un¬

ionized molecule at membrane ionization state I, II or III

PQ| || or in true partition coefficient of the ionized drug (PCj) at the

membrane state I, II or III

pH|/||, pH|/m pH-values at which the membrane state changes, apparent pKa

of membrane lipids

The shape of the curve describing the pH-dependent APC in the

MDCKsome/SUBS system reveals two pH-dependent changes of the mem¬

brane, leading to 3 different partition coefficients of the neutral and the proto-

nated drug molecule, each, i.e. TPC|, || and III and PCj|, n ancj m. These coef¬

ficients were multiplied by the hypothetic state of ionization of the membrane

and the drug before being summed up.

In Fig. 21 the single parts of eq. 8 are drawn using the fitted parameters

for the MDCKsome/SUBS system listed in Tab. 11.
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Fig. 21. Plotted function describing the pH-dependent APC of 3H-(RS)-propranolol in

the MDCKsome/SUBS system. B to I correspond to the terms of eq. 8, using the fitted

parameters listed in Tab. 11. (A) Final function (APC), (B and F) state of ionization of

propranolol, (C, D, E and G, H, I) partition coefficients of the neutral and the ionized drug
molecules corrected by the ionization state of the membrane. (•) pKa of propranolol,

(----) final function within the examined pH range.

The equation used for the PhC-liposome system was shortened to the

following, which only accounts for one membrane pKa and omitts the TPC

around pH 2, where the contribution of the neutral propranolol can be neglec¬

ted:

APC =

1 TPCI 1 PCi, PCi||
^PK^PH

'

7+10PM|/||-PH
+

1+10PH-PKa
•

I1+10PH|/Il-PH
+

1+10PH-PH|/,|]
(eq. 9)

For the curve fitting of the PhC-liposome/SUBS system the APC-pH diagram

from Pauletti and Wunderli-Allenspach (1994) were used. The parameters for

the various liposome/SUBS systems were determined by curve fitting of the
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Fig 22 Data analysis of partition behavior of 3H-(f?S)-propranolol in liposome/SUBS

systems (A) (•) DD-MDCKsomes as lipophilic phase, (+) DD-PhC-liposomes,

(B) (•) DD-PhC/PhS/Phl-liposomes (85 5/9 6/5 9 w/w), (+) DD-PhC-liposomes,
(C) (•) DD-PhC/PhE-liposomes (69/31, w/w), (o) FTF-PhC/PhE-liposomes (69/31,

w/w), (+) DD-PhC-liposomes, (D) as (C), larger scale, (E) FTF-PhC/Phl-liposomes

(69/31, w/w), (+) DD-PhC-liposomes Curve fitting was performed with the proFit 4 1

program from QuantumSoft, (Zunch.CH) using the equations described in the text

(—) best fit, i e lowest chi2, ( ) data base too small for curve fitting, prameters are

estimated The resulting parameters are listed in Tab 11
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experimental data using the above equations. Fig. 22 shows the fitted curves

for the MDCKsomes, PhC-liposomes and PhC/PhE-liposomes. The curves for

the PhC/PhS/Phl-liposomes (85.5/8.6/5.9 w/w) and the PhC/Phl-liposomes

(69/31) base on estimated parameters. Due to the small data bases curve

fitting was not possible. All parameters are listed in Tab 11. As can be seen in

Tab. 11 the membranes of all fitted liposomes containing PhE and/or PhS

undergo a change around pH 10, which can be explained by the deprotona-

tion of the amine group of PhE and PhS. The pKa of PhE and PhS in

PhC/PhE- and PhC/PhS-membranes, respectively, are around pH 10, as

published by Tsui et al. (1986). Between pH 7.2 and 7.6 we found a change in

all complex liposomes but not in the FTF-PhC/PhE-liposomes. Its origin is not

known so far (see Discussion). The apparent pKa of PhC was fitted as 2.18.

Tab. 11. Fit parameters of pH-dependent partition of 3H-(flS)-propranolol in

liposome/SUBS systems.

Liposomes pKa

(membrane)

l/li I/III TPC|

Partition coefficients

at various membrane states

PCji TPC|| PCjn TPCin PQi

MDCK(DD) 7.58 10.42

PhC/PhS/Phl (DD) 7.583) 9.99

PhC/PhE (DD) 7.54 10.32

PhC/PhE(FTF) - 10.12

PhC/Phl (FTF)b) 7.22

PhC (DD) 2.18

1942 1549 n.r. 698 1044 489

3061 2163 n.r. 1546 2102 664

2354 861 n.r. 410 1371 567

5946 493 - - 2561 1398

4559 5316 n.r. 4379 - -

1859 580 n.r. 94 . -

The experimental data from partition studies were fitted as described in Fig. 22.

(Abbreviations see text). The pKa of propranolol was kept fixed at 9.24 during the fit

procedure, n.r. not relevant. a) pKa|/|i was taken from MDCKsomes to fit the other para¬

meters, due to the small data base. ") parameters are estimated, not fitted.

Contribution of the single lipids to the partition behavior:

To evaluate the influence of the various lipids on the partition behavior of 3H-

(RS)-propranolol, the APC for the non-PhC lipids was extrapolated. For this

purpose we subtracted the pH-dependent APC of the PhC-liposome/SUBS

system from the APC of the respective liposome/SUBS system, taking into

account the actual molar fractions of the lipids in the membranes. For DD-
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liposomes we used the data of the DD-PhC liposome system, for FTF-liposo-

mes the data from the FTF-PhC-liposome system.

ado ,

APC - (fphC • APCphC)
, .n.

APCextrapol j—^ (eq. 10)

fPhC molar fraction of PhC in the respective liposome

fnonPhC molar fraction of the non-PhC-lipids in the respective liposome

(1-fPhC)

APCphC APC in the PhC-liposome/SUBS system

The resulting APCextrapol were plotted against the pH values in Fig. 23. All

examined lipids / mixtures enhance the APC compared to the PhC-liposo-

mes, except PhE, which has similar effects at pH values below 8, i.e. partition

coefficient of the protonated propranolol. The maximal differences are above

the pKa of propranolol for PhE, at around pH 9.5 to 10. The lipids of the

MDCKsomes, Phi and the mixture of PhS/Phl (8.6/5.9 w/w) show maximal

differences below the pKa of propranolol. This means, that zwitterionic PhE

has a higher attraction for the neutral propranolol than for the protonated

whereas Phi and the mixtures of PhS/Phl and of the MDCKsomes, which all

are negatively charged within the examined pH range (see fig. 11) attract the

protonated molecule more than the neutral. PhE (in the absence of cholate),

Phi and Phl/PhS show very high maximal APCextrapol in the range of 10,000

to 15,000 compared to the APC in the PhC-liposome system and to the

APCextrapol of the MDCKsomes.
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liposome/SUBS systems) (Fig. 24). As buffer solutions we used 0.06 M

HEPES-EBSS, pH 7.3, and Dulbecco's PBS at pH 5.3, 5.9, 7.2 and 7.6,

respectively. Toluidin blue- and Trypan blue-staining of the cell cultures and

the determination of the number of the attached cells showed no significant

differences before and after dialysis. After 5 hours of dialysis 97 % of the final

3H-(flS)-propranolol concentration in the buffer phase was reached, as was

determined by kinetic studies similar to those performed with the

MDCKsome/SUBS system (data not shown). The APC were calculated as

described under Materials and Methods 2.8. At pH-values lower than about 6

the APC in the MDCK cell/buffer systems seem to be in the range of those in

the liposome/SUBS systems. At pH-values around 7 and 8 a very strong

increase is observed. This can either be due to protein binding or to other

compounds with a very high attraction for propranolol (see Discussion).

APC
,—,—,—,—,—,—,—,—,—,—,—,—, Fig. 24. Partition behavior of 3H-

(RS)-propranolol in the MDCK

cell/buffer system. MDCK cells

were cultured on microcarrier

beads and the partition of 3H-

(flS)-propranolol between the

cells and the buffer was determi¬

ned by means of equilibrium dia¬

lysis at 37°C. The lipid concen¬

tration was 0.02 to 0.03 mg/ml

(0.1 mg protein per ml) and the

9 10 11 3H-(RS)-propranolol concentra¬

tion 10~9 M. For details see

Materials and Methods. The re¬

sults are from 3 independent sets of experiments, described under 3.4.4. As buffer 0.06

M HEPES-EBSS (x) and Dulbecco's PBS () were used. For comparison the partition in

the DD-MDCKsome/SUBS- (•) and FTF-PhC/Phl-liposome/SUBS-system (o) are

plotted.
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Propranolol has some affinity to the microcarriers themselves, as could be

shown by equilibrium dialysis of various propranolol concentrations between

10-9 and 0.01 M with 23 mg/ml empty microcarriers in 0.02 % BSA/ 0.06 M

HEPES-EBSS or 0.02 % BSA/Dulbecco's PBS, respectively, at pH-values

between 5 and 8. The highest adsorption, i. e. 10 %, was found at lowest 3H-
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(f?S)-propranolol concentration at pH 8. At initial concentrations above 10-5 M

the adsorption was not significant.

The MDCK cell cultures seem to be a very complex partition system

consisting of at least three partition phases, i.e. the lipids, the proteins and the

microcarriers.

3.4.4. Limitations regarding the propranolol concentrations

Partition experiments were performed with MDCKsomes and MDCK cell

cultures as described before. To ensure that the propranolol concentration

has no influence on the APC, as it is requested by Nernst (1891) to reveal true

partition coefficients (see Introduction), we studied various (RS)-propranolol

concentrations in partition experiments. The concentration of tritiated propra¬

nolol was 10"9 M in all systems. Additional propranolol was added as unlabe¬

led (RS)-propranolol up to 10"4 M. In Fig. 25A the ratios of membrane

associated propranolol [M] per lipid [M] (r) / propranolol concentration in buffer

[M] (cu) are plotted as a function of the logarithmic value of r, i.e. Scatchard

plot. Fig. 25B shows r vs cu, i.e. the Langmuir adsorption isotherm. The ratio r

of propranolol/lipid was calculated as follows:

Clb-Cb .

_,
r=

ci (eq-11)

Abbreviations see under Materials and Methods, 2.8.

If APCm » 1, r/cu corresponds to APCm (see eq. 6). As shown in Fig. 25A

and B at r < 10"3 (cells) and 10"2 (MDCKsomes), respectively, APCm are

independent of the total propranolol concentration. Fig. 25 shows, that this

condition is met in all examined systems at propranolol concentrations of

10"9 M, which was used for the partition studies. The wide range of constant

ratios also indicates, that the partition of the propranolol is not influenced by

any impurities in the system. The partition coefficients stay constant up to a

ratio of propranolol/lipid of about 1/100 in the MDCKsomes and 1/1000 in the

cell membranes. From these plots we can not conclude, that specific protein
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binding in the MDCK cells is responsible for the high APC, as r/cu is concen¬

tration independent up to similar r values.

10"7 It)"5 10"3 0.1 10 10"10 10"8 10"6 10'4 10"2

r[M/M] cu[M]

Fig. 25. Concentration-dependent association of (ftS)-propranolol to MDCKsomes and

MDCK cells. The concentration ratios of (RS)-propranolol between MDCK cell cultures

on microcarrier beads and buffer and between DD-MDCKsomes and SUBS were de¬

termined by means of equilibrium dialysis at 37°C (see Materials and Methods, 2.7.3.

and Figs. 15 and 24). (A) Semilogarithmic scatchard plot of the propranolol-lipid associa¬

tion. (B) Langmuir adsorption isotherm, (o) MDCK cells in 0.06 M HEPES-EBSS pH

7.3,(0) Dulbecco's PBS pH 5.3, (A) pH 5.9, (a) pH 7.2 and (V) pH 7.6. (•)

MDCKsomes in SUBS pH 7.2 and () pH 11.2. r, molar ratio of propranolol to lipid in

the lipid membrane; cu, propranolol concentration in buffer (free propranolol).
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4. Discussion

For any kind of partition studies the early work by Nernst (1891) remains cru¬

cial. In short he proposed to deal with dissociable substances as if there were

two different substance species for the calculation of the resulting partition

coefficients in the presence of the two ionization states. We extended this con¬

cept to the lipophilic phase assuming one membrane species for each kind of

ionization state of the membrane. The ionization state of the membrane is de¬

termined by the protonation/deprotonation of the single lipids, i.e. each pH-

dependent change in the membrane leads to one additional membrane spe¬

cies. This results in more than one true partition coefficient for the un-ionized

molecule (TPC) and for the ionized molecule (PCj). Actually there is one TPC

and one PCj for each membrane species.

The pH-dependent partition basically follows the Henderson-

Hasselbalch equation. For each protonation/deprotonation process a single

dissociation curve results. We therefore expect that the pH-dependent

partition diagram of each complex partition system results from superposition

of the dissociation curves of solute and membrane. The shape of the APC-pH

diagram gives information on the number of membrane species. Data fitting of

APC-pH curves was started with the assumption of only one membrane spe¬

cies. If this was not sufficient to describe the curve, further species, i.e. disso¬

ciation curves, were added. Therefore the final function can be regarded as

the sum of the PC of two solute species in various partition systems corrected

by the presence of the solute and membrane species at the respective pH

value, i.e. by the ionization state of the solute and the membrane lipids. The

points of inflection of these curves correspond to the respective pKa values of

the solute and the lipids.

The proposed handling with a dissociable solute, according to Nernst,

reveals that the usually applied formula TPC = APC (1 + ioPKa-pH) f0r acids

and TPC = APC (1 + 10PH~PKa) for bases is a special case. It is only correct, if

all of the ionized solute species stays in the buffer phase. As found in our own

studies the assumption does not hold. The protonated propranolol can even

reveal a higher PC than the neutral molecule, as found with negatively char¬

ged liposomes. These equations are therefore only part of the whole equation.

The APC-pH diagram of propranolol in the PhC-liposome/buffer system

presented by Pauletti and Wunderli-Allenspach (1994) is in best agreement

with the hypothesis deduced from the Nernst model. The curve could be fitted

based on the dissociation curve of propranolol and of PhC. The fitted pKa at
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pH 9.24 was in excellent correspondence with the titrated pKa of propranolol

in buffer (pKa 9.24). Using MDCKsomes and mixed lipid liposomes as lipophi¬

lic phase, we intended to gain further confirmation on this hypothesis with

more complex systems.

For the MDCKsome/buffer system, the most complex one examined, the

APC-pH diagram could be fitted based on the ionization curve of propranolol

and two pH-dependent changes in the membrane, one at pH 10.4, the other

one at pH 7.6.

We have to distinguish between the intrinsic and the apparent pKa

when following reactions on charged surfaces. In contrast to the intrinsic pKa

the apparent pKa values depend on the ionic strength and the amount of

charged lipids in the membrane. The apparent pKa is determined as the bulk

pH at which 50% of the group population is charged. The intrinsic pKa is de¬

termined as the surface pH at which 50% of the group population is charged.

The intrinsic and apparent pKa value are connected as follows:

pKa (intrinsic) = pKa (apparent) + F Y / (2.303RT), where F is the Faraday

constant, R the gas constant and Y the surface potential (Tsui et al., 1986). For

a neutral surface potential, i.e. for PhC membranes, the apparent pKa of the

membrane-associated solute would correspond to the intrinsic pKa. With in¬

creasing surface potential the difference between the apparent and the intrin¬

sic pKa of membrane-associated ionizable groups would also increase.

Negatively charged lipids in a membrane would thus lead to an increase of

the apparent pKa. For instance a surface potential of -10 mV would result in a

pKa shift of +0.16 pH units and -50 mV in a shift of +0.8 pH units. Depending

on the thickness of the stationary buffer layer at the membrane, which has a

pH that differs from the bulk solution, the difference of apparent to intrinsic pKa

had to be considered for the interpretation of partition data.

Curve fitting of the data from the MDCKsome/buffer system with the

intrinsic pKa of propranolol at 9.24 and an apparent pKa of 9.66, which was

estimated with the assumption, that the zetapotential equals the surface po¬

tential, revealed similar results. The fit with fixed pKa for propranolol at 9.24

revealed slightly lower chi2 than fits with higher pKa values. (We will come

back to this later.)

The same pattern of an APC-pH diagram as with the MDCKsomes

could be found in the PhC/PhS/Phl-liposome (85.5/8.6/5.9)/buffer system, i.e.

the highest APC around pH 9 to 10 and decreasing APC towards higher and

lower pH values. The whole curve was, however, shifted to higher APC than in

the MDCKsome/buffer system. In these systems the ionization curve of the
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propranolol is hardly recognizable macroscopically due to the superposition

of the dissociation curve with others around pH 7 to 8.

In contrast the pKa of propranolol shows up in the PhC/PhE- and

PhC/Phl-liposomes. The data were fitted using the intrinsic as well as the

estimated apparent pKa of propranolol, i.e. 9.24 and 9.48, respectively. The

curves were nearly coincident, though parameters changed. To mention the

membrane pKa, which was most affected: pKa|/ll in the DD-PhC/PhE liposome

system changed from 7.54 to 8.07, when the propranolol pKa was altered

from the intrinsic to the apparent one. chi2 was higher if the apparent pKa was

used in the case of DD-liposomes and lower in the case of FTF-liposomes. As

with the MDCKsomes the fit with the apparent pKa did not improve the signifi¬

cance of the calculations. We therefore used the intrinsic pKa for curve fitting,

assuming that the surface layer with changed pH had no influence on the

partition of propranolol (see above).

Despite the difference in the pattern of the APC-pH curve between

MDCKsomes and PhC/PhE-liposomes, at least the DD-PhC/PhE-liposomes

revealed similar pKa values for the membrane lipids as did the MDCKsomes.

FTF-PhC/PhE-liposomes, however, lacked the one around pH 7 to 8

(discussed later). The PhC/Phl-liposome system was not fitted, due to the

small data base. Yet, the data could perfectly be described by a curve based

on the pKa of propranolol and a pKa around 7. In contrast to the other

systems, the inflection at the pKa of propranolol produces higher APC at pH

values lower than the p«a and lower APC at higher pH values.

The fitted pKa values around 10, which appear in all systems except of

the PhC- and the PhC/Phl-liposomes, correspond to published values for PhE

and PhS. The apparent pKa for PhE in the PhC/PhE-liposome (69/31 w,w)

system was fitted as 10.1 (FTF-liposomes) and 10.3 (DD-liposomes), respecti¬

vely. In the MDCKsome system, which contained 24 % PhE (w/w) we found a

pKa at 10.4. For PhS the apparent pKa was estimated as 10.0. Tsui et al.

(1986) reported an apparent pKa (50 mmol/l ionic strength) of 10.6 in

PhC/PhE-liposomes (70/30 mol/mol). The intrinsic pKa was calculated as 9.7.

If we assume that the surface potential equals the zetapotential (Haydon,

1964; MacDonald and Bangham, 1972), the intrinsic pKa in the PhC/PhE-lipo¬

somes can be calculated as 10.0 and 9.9 in the MDCKsomes (37°C). The

intrinsic pKa for the amino group of PhS in 8 mol % PhS-PhC vesicles was

determined by Tsui and his co-workers as 9.9. These correspondences sup¬

port our postulation that pH-dependent changes in APC are caused by lipid

protonation/deprotonation in the membrane. The lack of the pKa around 10 in
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the PhC/Phl-liposome system will be confirmed by partition studies at higher

pH values. It is another indication, that the pKa around 10 originates from

ionizable groups.

As mentioned before in MDCKsomes, PhC/PhE- (except for FTF-

PhC/PhE-), PhC/PhS/Phl- and PhC/Phi liposomes, we found another pKa

around pH 7 to 8. We can only speculate about the origin of this point of inflec¬

tion in the APC-pH curve. We know no ionizable compound in these systems

with a pKa in this pH range. Since not only DD-liposomes but also FTF-lipo-

somes reveal a pKa around 7 to 8, cholate (pKa 6.4) is not a likely candidate.

Zetapotential measurements were performed to proof the accuracy of

the postulated ionization changes at the points of inflection of the APC-pH

curves. The experiments revealed a neutral or slightly negative surface

charge for the FTF-PhC/PhE-liposomes around pH 7, slightly negative

charges for the DD-PhC/PhE-liposomes and definitely negative charges for

the MDCKsomes. This could be due to the proposed ionizations around pH 7.

Recent zetapotential measurements in our lab revealed neutral surface

charge for DD-PhC/PhE liposomes (69/31 w/w) up to pH 8. Above pH 8 the

potential gets more and more negative with increasing pH, as would be

expected due to the deprotonation of the amine group of the PhE.

Zetapotentials of DD-PhC/PhS/Phl liposomes (85.5/9.6/5.6 w/w) were neutral

only at pH 2. Between pH 2 and 4 they changed from neutral to negative and

were constant up to pH 7. Above pH 7 the negative potential increased with

increasing pH value. These findings are similar to those of Bangham (1961).

He published the pH-dependent electrophoretic mobilities of PhC, PhE, PS

and PhC/PhS. The electrophoretic mobility of PhE changed from neutral

around pH 2 to negative around pH 4. Between pH 4 and 9 it slightly changes

to more negative values and above pH 9 another steep increase in negative

mobility is shown. Other phospholipids like PhC, PhS and PhC/PhS mixtures

have constant mobilities between pH 5 and 8. When a PhE-monolayer,

spread on 145 mM KCI was titrated (Bangham, 1968) only the pKa around pH

10 was visible when the surface potentials at constant area/molecule were

plotted against the bulk pH. The fact, that the change around pH 7 to 8 is weak

or absent in electrochemical characterization but obvious in partition

experiments, indicate that a change in membrane structure and therefore

changes of the steric order and the electrochemical forces at the membrane

buffer interface is more likely than a change in the state of ionization. The de¬

termination of transition temperatures of the liposomes at various pH values is

on the way.
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Another explanation for the APC change around pH 7 to 8 could be a pH-

dependent asymmetry in the lipid membranes. NMR studies on phospholipid

bilayers by Berden et al. (1975) revealed that in a mixture of PhC with PhE the

latter has preference for the inner layer of the membrane. The same holds for

mixtures of PhC with PhS, Phi and PhA. In mixtures of PhC and PhS the prefe¬

rence of the latter for the inner layer is increased at lower pH, when the nega¬

tive charge of the PhS is decreased. At pH values above 8, PhS in PhC/PhS

(3/2) liposomes (prepared by sonication of phospholipid suspensions) accu¬

mulates in the outer layer. Changes in lipid distribution could possibly mimic a

lipid pKa. The change of the surroundings of the phospholipid headgroups in

the two layers could result in changing electrostatic interactions with each

other and with the propranolol molecule. The rearrangement of negatively

charged lipids from the inner to the outer layer at higher pH values could also

explain the increase of a negative zetapotential with increasing pH values in

MDCKsomes. The disappearance of negatively charged lipids from the outer

membrane at lower pH values reduces the possibility for interaction with the

protonated propranolol, which in turn can explain the decreasing PC. This

explanation would exclude the penetration of propranolol through the mem¬

brane within the 5 hours incubation time (> 99.95% of equilibrium concentra¬

tion reached). Whether the distribution of propranolol between the two layers

is symmetrical or not and whether it is pH-dependent is not known. An asym¬

metric lipid distribution could possibly be detected by the examination of a

large range of liposome sizes in partition studies - with the basic assumption

that with a more pronounced curvature the chance for asymmetry increases.

This would result in different APC for different liposome sizes. The lack of an

apparent pKa around 7 in the FTF-PhC/PhE liposomes could be due to their

large size which could favor a symmetrical distribution of the lipids.

We also have to think about a negatively charged impurity in the DD-

PhC/PhE- and DD-PhC/PhS/Phl liposomes used for the prior experiments

leading to the observed apparent pKa around 7 to 8. More experiments have

to be done to clear this point.

Kiefer and Jahnig (1994) looked for phospholipids with buffering power

at neutral pH driven by findings of Grzesiek and Dencher (1986), that mixed

lipid membranes from E. coli buffer at neutral pH at the inner layer. Except for

PhA with a pKa of 8.5 they found no phospholipid which could contribute to

this effect. But the low amount of PhA could not be responsible for this buffe¬

ring effect, as it was present in amounts of more than 1% in E. coli lipid mem¬

branes, only if hydrolysis of other phospholipids took place. The authors
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conclude, that the internal buffering capacity of vesicles made of extracted

lipids is not caused by the phospholipids. The buffering system remains

unknown. In the MDCKsomes we found less than 0.1 % PhA. If hydrolysis pro¬

ducts would lead to the determined pKa in mixed liposomes around pH 7 to 8

they should have the same effect in PhC- and FTF-PhC/PhE-liposomes,

where this pKa was not found.

Finally the determined pKa around 7 to 8 could correspond to a shifted

pKa of propranolol due to the difference between the bulk and the surface pH

as described above. But since the membranes are neutral or negative, the

shifted pKa would be equal or higher than the intrinsic pKa, not lower (see

above).

Further partition studies with liposomes of various sizes and compositi¬

ons combined with zetapotential measurements are on the way to clarify the

origin of the inflection of the APC-pH curve around pH 7 to 8. Especially the

influence of fatty acids in the membranes on the partition behavior will be

examined.

Regarding the partition coefficients obtained with the DD-PhC/PhE lipo-

some/SUBS system, one could even doubt about the relevance of the fitted

pKa of 7.54. However, curve fitting without this parameter revealed curves

which could not at all describe the data. One pKa (i.e. 9.24 or other) beside

the one around pH 10 is not enough to fit these data as either the steepness

or the plateau levels change dramatically and result in an inadequate fit. The

data are from two independent experiment sets, both revealing about the

same fit parameters, if fitted solely.

As regarding the possible role of PhS: The intrinsic pKa of the carboxyl

group of PhS was calculated by Tsui et al. (1986) as 3.6. This is about 3 pH

units below the lower limit of our examined pH range in partition studies and

has therefore no influence on the partition coefficients.

The fitted TPC of 1942 in the MDCKsome system between pH 7.6 and

10.4 is in the range of the TPC found for the PhC-liposome system of 1859

(Pauletti and Wunderli-Allenspach, 1994). The APC decreases in PhC lipo¬

somes as soon as the propranolol is partly protonated, i.e. below pH 10. In the

MDCKsomes a membrane ionization state exists between pH 7.6 and 10.4,

where the protonated propranolol has a PCj which is not much lower than the

TPC of neutral propranolol, i.e. 1549. But as the pH gets lower than 7.6 the

protonated propranolol has a PCj of 489, which is in the range of the protona¬

ted propranolol in the PhC liposomes, i.e. 580. At pH 7.4 the APC in the

MDCKsome/buffer system is 1036 whereas it is 598 in the PhC lipo-
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some/buffer system. Betageri and Rogers (1988) found similar APC of propra¬

nolol at pH 7.4 in various liposome/phosphate buffer systems: 417 for dimyri-

stoyl-PhC (DMPhC) liposomes, 100 for DPPhC liposomes, 33 for

DMPhC/cholesterol (1/1 mol/mol) and 1072 for the negatively charged

DMPhC/cholesterol/dicetylphosphate (7/2/1 mole ratio) liposomes. Above the

pKa at 10.4 the partition coefficient of the neutral propranolol decreases to

1044 in the MDCKsomes. This decrease can also be seen in the other

systems containing lipids with a primary amine group.

Below the pKa of PhE FTF-PhC/PhE-liposomes reveal a TPC for pro¬

pranolol of 5946, which is much higher than the TPC of about 2600 determi¬

ned for FTF-PhC liposomes. In the DD-PhC/PhE-liposomes, the residual cho¬

late (1% w/w, see Tab. 8) seems to diminish the TPC to a value of 2354.

Similar effects of cholate could also be followed in the PhC-liposome system.

It is not known how cholate prevents the neutral propranolol from membrane

association. The inclusion of cholate into otherwise detergent-free FTF-lipo-

somes revealed the same effect as in DD-liposomes, indicating that it is in fact

the cholate and not differences based on the preparation techniques that

influence the TPC.

From all lipids tested, Phi has the highest attraction for propranolol,

especially for the protonated molecule. This can be explained by its negative

charge. Though the APC decreases again when the pH decreases to values

below 8, as was also found for the other mixed membranes, except for the

FTF-PhC/PhE liposomes. The APC in the FTF-PhC/Phl liposome (69/31) is

between 4500 and 5000 within pH 7 and 11. As we know from acid-base titra¬

tion curves performed by Bangham (1968) Phi leads to very highly negative

surface charges as compared to PhS and PhE. However, recent

investigations in our lab revealed zetapotentials in the region of PhC/PhS/Phl-

and PhC/PhE-liposomes for the PhC/Phl-liposomes.

Surewicz and Leyko (1981) found very high partition coefficients for

propranolol in various multilamellar liposomes of negatively charged lipids

and 20 mM Tris-HCI buffer at pH 7.4. For PhS liposomes the APC was around

23,000, and for PhA liposomes around 20,000, whereas for the neutral PhC

liposomes it was around 290. When the buffer solution contained additional

100 mM NaCI the APC were about 6700, 5900 and 280, respectively. Betageri

and Rogers (1988) found the same effect of negatively charged lipids in parti¬

tion experiments with propranolol at pH 7.4. These results confirm our own

findings, that propranolol has a very high affinity to negatively charged
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phospholipids. They also show that it is of utmost importance to have a buffer

system with a constant ionic strength over the whole set of experiments.

The influence of membrane-incorporated PhS on the partition of

anionic and zwitterionic substances was studied by Sugawara et al. (1994).

The uptake of anions was decreased with increasing PhS contents of

liposomes, whereas in the case of zwitterionic compounds the uptake was

independent of PhS. Experiments with PhC/PhS liposomes are being done in

our lab to answer this question for the cationic and neutral propranolol.

In order to quantitate the influence of the single lipids or lipid mixtures

without PhC we calculated the APCextrapol- This value represents the APC

for the respective liposomes lacking PhC. The extrapolated APC would only

correspond to the actual APC in the respective liposomes without PhC, if the

phospholipid headgroups would find the same surroundings in the PhC-free

liposomes as in those that contain PhC. This is only valid for mixed liposomes

consisting of separated lipid domains. Tsui et al. (1986) mentioned, that the

apparent pKa of the lipids in mixed lipid membranes do not correspond to the

apparent pKa of the same lipids in single lipid membranes. Yet, the

APCextrapol give further information on the non-PhC lipids in respect to the

partition behavior of propranolol. The resulting diagrams of APCextrapol vef-

sus pH show clearly that the negatively charged lipids and the non-PhC lipids

of MDCKsomes attract the protonated propranolol more than the neutral ones,

at least at pH values above the fitted pKa around 7 to 8. PhE in contrast

attracts the neutral more than the protonated propranolol. Though when

deprotonated, PhE looses this effect again. The protonated propranolol has

the same affinity for the neutral PhE as for PhC. Due to the missing methyl

groups at the amine, PhE shows a different electrostatic behavior than PhC.

The positively charged amine interacts directly with negatively charged

groups like the phosphate of PhE or with solutes, whereas the quaternary

amine group of PhC rather undergoes hydrogen bonds as described by

Herbette (1983 and 1988) and Hauser et al. (1981). This explains that the

APC for the neutral propranolol with the PhC/PhE membranes is higher than

with the PhC membranes.

In contrast to the reported lipid composition of MDCK cells (see intro¬

duction, Hougland, 1974; Haase et al., 1981) the MDCK cell extracts and

MDCKsomes contained less than 1 % PhS and Phi. This could be a conse¬

quence of the extraction method. To extract more of the negatively charged

lipids, the aqueous phases should be strongly acidic (pKa of Phi around 2).

Although we found only traces of PhS and Phi in the MDCKsomes, the nega-
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tive zetapotential was higher than the one of the other examined liposomes,

indicating the presence of net negatively charged lipids. The negative charges

could belong to free fatty acids, which were not detected by the mass detector.

Their amount in the lipid extract and in MDCKsomes will be determined

according to Duncombe (1965). The copper salt of the free fatty acids can be

quantified spectrophotometrically after reaction with diethyldithiocarbamate.

Beside the phospholipids cholesterol is an important lipid in the

MDCKsomes and MDCK cell membranes. The influence of cholesterol was

not investigated in this work. The influence of cholesterol in lipid membranes

on the partition behavior of various drugs was studied by several authors

(Korten et al., 1980; Betageri et al., 1989; Alcorn et al., 1991; Custodio et al.

1991; Subczynski at al, 1994). NMR studies by Leonard and Dufourc (1991)

revealed, that in fluid phase lipid membranes cholesterol has little effect on

the headgroup ordering whereas a considerable increase in order parameters

is observed for the acyl chains, suggesting that the sterol is well embedded in

the bilayer core. Most partition studies revealed decreasing APC with incre¬

asing cholesterol concentrations. Since DD-PhC/PhS/Phl liposomes

(85.5/9.6/5.9 w/w) revealed the same shape of the APC-pH curve like the

MDCKsomes, but at higher APC, we will compare the same liposomes con¬

taining cholesterol in the amount as present in MDCKsomes to the latter.

All used phospholipids were from natural source and not synthetic. We

therefore expect unsaturated lipids in our membranes. Data sheets of the

commercially available lipids used for liposomes and analysis of MDCK cell

membranes by Hougland (1974) confirm the presence of unsaturated acyl

chains in our liposomes. The effect of unsaturation of the acyl chains was,

however, not subject of our studies.

Liposomes for partition studies were prepared either by detergent dia¬

lysis or by the freeze thaw filter technique. The detergent dialysis technique

was chosen because it results in liposomes of a reproducibility, homogeneity

and unilamellarity not reached by other techniques (Zumbiihl and Weder,

1981). In our opinion unilamellarity is a prerequisite for the comparison of

partition phenomena in liposomes and in vivo membranes. Still DD-liposomes

have the disadvantage of residual detergent, which may have a significant

influence on the partition. Therefore we compared some of the results with

FTF-liposomes. Cholate has a strong influence on the APC of neutral propra¬

nolol but not of protonated propranolol (see above). The influence of 0.3 %

cholate in the MDCKsomes is not clear yet. The APC-pH curve was shifted as

a whole towards lower APC in the presence of cholate. This shift could also be
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due to a systematical error. The relatively high value of residual detergent in

the PhC/PhE- and the PhC/PhS/Phl-liposomes of 1 % could also be due to

tritium exchange from cholate to the surrounding lipids. For the MDCKsomes

and the PhC-liposomes 14C-labeled cholate was used, revealing values of

0.3 % and 0.1 % residual detergent, respectively. Enzymatic cholate determi¬

nations of liposomes with the above composition in our lab revealed 0.1 to 0.2

% residual cholate.

The size distribution of the liposomes was determined by DLS in order

to control the reproducibility of the liposome production and in order to check

the stability of liposomes in partition experiments. The possibility for pH-

dependent aggregation, fusion or membrane ruptures followed by formation of

smaller vesicles exists. It can be controlled for following the size distribution,

i.e. z average mean and polydispersity factor, during experiments. However,

unchanged size distribution does not necessarily mean that the liposomes are

chemically stable. Chemical degradation like hydrolysis or oxidation of the

lipids may not necessarily change the hydrodynamic diameter of the liposo¬

mes. Therefore the hydrolysis of 14C-DPPhC was tested (see later).

MDCKsomes were also characterized by electron microscopy. As we

see on the electron micrographs DD-MDCKsomes show formations of two

liposomes. The mean size measured by DLS is therefore expected to be

somewhat larger than the actual size of the single liposome population. This

aggregation is also expressed by the relatively high polydispersity factor in

DLS measurements.

As New (1990) summarized, dialysis liposomes are larger when chole¬

sterol is present in the membrane and smaller in the presence of charged

lipids. This agrees partly with our own results. DD-MDCKsomes containing

cholesterol are larger than DD-PhC-, DD-PhC/PhE- and DD-PhC/PhS/Phl-

liposomes. But the latter, charged vesicles, are larger than the PhC/PhE lipo¬

somes, i.e. about 60 nm compared to 50 nm diameter. The range order is true

for the FTF-liposomes. The diameters decrease in the following range

MDCKsomes, PhC/PhE-, PhC-, PhC/Phl-liposomes from about 300 nm to

about 190 nm. The partition studies of a homologous series of alkyl p-amino-

benzoates in DPPhC liposomes by Ma et al. (1991) shows, that the liposome

type plays a role in partition behavior. Studied were the lamellarity and the

size of extruded and non extruded vesicles.

The pH optimum for PhC is 6.5. Degradation increases at higher and

lower pH values, as was shown by Grit and Crommelin (1993). The hydrolysis

of the lipids during partition experiments was negligible. In the pH range of 7
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to 11, where partition studies were made, hydrolysis was < 1 %. Above pH 11

hydrolysis of 14C-DPPhC was observed in partition experiments. Zeta-

potential measurements reveal that the neutral surface charge of the PhC

liposomes changed to negative values around pH 11. We tracked this to the

hydrolysis of PhC which leaves negatively charged fatty acids in the mem¬

brane. The chemical stability of phospholipids, i.e. oxidation and hydrolysis,

was examined by Grit and Crommelin (1993). Hydrolysis products of PhC are

free fatty acids, sn-1 -lysophosphatidylcholine and small amounts of glycero-

phosphatidylcholine and sn-2-lysophosphatidylcholine.

Partition experiments were performed at 37°C in order to be close to

physiological conditions. Since we used natural lipids for liposomes we can

assume, that at 37°C the membranes are in the fluid and not gel state. It is

important to consider that the water product and dissociation constants

change from 25°C to 37°C and that therefore pH and pKa values have to be

adjusted. pH values were measured at 37°C and the pKa for propranolol was

taken from Pauletti (1993), who determined the dissociation constant of pro¬

pranolol at 37°C.

In our partition model we assume that the pH inside the liposomes cor¬

responds to the pH outside. This is only true if the protons equilibrate through

the membrane within the duration of the experiment. This was shown for PhC-

liposomes by Pauletti (1993), who measured equilibration times below 5

minutes over the whole pH range. But in LUVs with an asymmetric lipid

distribution between the inner and the outer layer Hope and his co-workers

(Hope et al., 1989) describe pH gradients which were stable for hours. We

conclude that a lipid asymmetry could maintain a pH gradient in our

liposomes as well. The internal pH value of the liposomes when suspended in

SUBS of various pH values will be examined by the method of Ohkuma and

Poole (1978) using the pH-dependent fluorescence of entrapped fluorescein

isothiocyanate-labeled dextran.

For partition studies we used lipid concentrations around 2 mg/ml. The

requested lipid concentration is given by the APC. The concentration of mem¬

brane associated solute should be equal to or higher than ten times the stan¬

dard deviation of the measured value of total solute in the liposome suspen¬

sion. Good results are obtained, if the concentration of membrane associated

solute corresponds to the concentration of free solute. This is achieved when

the lipid volume to sample volume equals 1/APC. Pauletti (1993) showed that

the lipid concentration has an influence on the APC of 3H-(f?S)-propranolol,



-78-

especially at lipid concentrations below 1 mM (pH 8.8). The lipid concentration

should therefore be constant in all experiments.

The most complex but "in vivo-like" lipophilic phase for partition studies

would be the whole cell membrane. We tried to establish partition experiments

with MDCK cell cultures. At low pH, i.e. 5 to 6 we found similar APC as for the

MDCKsomes at the lowest determined pH around pH 7. But around pH 7 APC

are about ten times higher in the cell/buffer systems than in the MDCKsome

system and about twice the APC in the PhC/Phl liposome (69/31 w/w) system.

The data indicate a change in ionization or a sterical change of lipids or

proteins in the membrane around pH 7 or at higher pH. The high APC above

pH 7 could be due to the same compound(s), responsible for the pKa around

7 to 8 in the liposomes. If such a compound was present in much higher

amounts in the intact cell membrane than after extraction it could lead to high

partition coefficients. To check whether protein binding is responsible for the

high APC, we also tried to digest the membrane protein of the cells by trypsin

treatment before partition experiments were performed. But the cultures

sticked together during equilibrium dialysis in a way that made sampling

impossible. In general the partition experiments with cell cultures revealed

some problems. The blank microcarrier beads themselves absorbed up to

10 % of the propranolol and in addition cells represent a complex distribution

system with compartments of various pH values. These compartments form

micro partition systems within the studied system. Liposomes consisting of the

cell lipids seem to be the optimal compromise, since these problems do not

exist.

The pH range for partition studies was chosen as large as possible not

only to have the whole physiological pH range but also to get information on

the type of interactions between the solute and the membrane. Hydrophobic

forces would be rather independent of pH-dependent changes of lipid head-

groups, as long as the hydrophobic core of the membrane is unchanged. Ionic

forces are strongly pH-dependent if protonation or deprotonation of lipids

occur within the tested pH range. Our results indicate interactions between

ionizable groups of the propranolol and the lipids. This is confirmed by the

proposed arrangement of a propranolol molecule in a PhC membrane by

Herbette et al. (1983, 1988). Neutron diffraction showed that the charged

amine side chain is most likely positioned in the aqueous phospholipid head-

group region and that the naphthalene moiety of propranolol partitions into the

hydrocarbon core of DMPhC lipid bilayer.
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The dependence of partition coefficients from surface charge and pH

combined with NMR studies, microcalorimetry and other techniques can help

to understand the interactions and arrangement of drug molecules in lipid

membranes. A new generation of computer programs based on membrane-

drug interactions is coming up (Essex et ai., 1994).

In our experiments we did not distinguish between R- and S-proprano-

lol but we used the enantiomer for experiments. Hellwich and Schubert (1995)

revealed the same APC for fl-oxprenolol as for S-oxprenolol, though at higher

concentrations. We also did not distinguish between D- and /--lipids.

Comfurius et al. (1994) found different Kd for the binding of factor Va, Xa or

prothrombin to PhS containing membranes if Ph-O-S or Ph-Z.-S were used.

Equilibrium dialysis is the optimal method for partition studies with
.,

membrane vesicles. In contrast to the centrifugation method, the equilibrium is l\

not disturbed and the drug concentration can be determined in both phases, S J
i.e. the membrane and the buffer. The lipid concentration and membrane '<

structure is unchanged during the whole procedure whereas the local concen¬

tration of lipids suddenly increases in the pellet upon centrifugation. The

membrane structure including the surrounding water layer is not guaranteed

anymore in the pellet after centrifugation and the partition can change there¬

fore. Another method which is not disturbing the equilibrium is the spectropho-

tometric analysis of quenching or polarisation of the solute. The disadvantage

is, that only fluorescence-active or -labeled solutes can be examined and the

pH dependence of fluorescence has to be taken into account. When using

equilibrium dialysis it is important to determine the concentrations in both

chambers and to calculate the lipid-associated solute amount from the diffe¬

rence between the two. If the concentration in the lipid phase is calculated

from the difference between the concentration in the buffer and the initial con¬

centration errors due to adsorption of the solute to the dialysis material can

occur. As long as the lipid concentration is determined after dialysis, even a

volume shift has no influence on the result.

Another important prerequisite for partition studies is a very low solute

concentration. The activity factor has to equal unity, Beside the activity factor

in the aqueous phase the drug/lipid ratio within the membrane has to be

considered, too. According to the mass balance of the lipid-solute complex

formation (eq. 12) the "free" lipid concentration [Lfreel has to be independent

of the solute concentration in order to get solute concentration independent

APC (eq. 13, for reasons of simplification lipids are regarded as dispersed in

the aqueous phase). [Lfree] nas t0 be much higher than n [LnSm] and there-
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fore equal the total lipid concentration [L]. Another prerequisite for solute con¬

centration independent APC is that the number of solute molecules in the

lipid-solute complex (m) equals 1 (eq. 13). This corresponds to the Nemst

condition that says, that solute complexes have to be excluded for the deter¬

mination of true partition coefficients.

APCm * WliT - Kam-Hln-D-IS]^) (eq. 13)

(Abbreviations see Materials and Methods, 2.8.)

The large concentration range revealing constant APCm indicates, that pro¬

pranolol forms no complexes in the liposomal membranes in the partition stu¬

dies. Our experiments with various propranolol concentrations showed, that

the propranolol to lipid ratio in the liposomal membrane has to be lower or

equal to 10~2. This was also postulated by Flewelling and Hubbell (1986).

The lipid concentration in partition experiments can be 10 mg/ml at the maxi¬

mum as at higher concentrations the independence of the liposomes from

each other is not guaranteed anymore. This means that the solute concentra¬

tion should not be higher than 10"4 M. In our liposome/buffer systems the lipid

concentration was 3 mM. The propranolol concentration should therefore be

10"5 M or lower. Few analytical methods have such low sensitivities. One of

them is the liquid scintillation counting of radioactively labeled substances.

Therefore we used tritiated propranolol for our partition studies in concentrati¬

ons of 10"9 M. Most partition studies are done at relatively high solute concen¬

trations, due to analytical prolems. It is important to realize that in these

systems it is not the partition coefficient described by Nernst that is determined

but an apparent partition coefficient. The accurate analytical method

combined with a separation method which does not disturb the equilibrium is

of high importance for partition studies, which aim at true partition coefficients

as defined by Nernst.

Albertini et al. (1990) studied the effects of propranolol on DPPhC lipo¬

somes. At molar ratios of propranolol to lipid < 0.08 the phase transitions

(chain melting and main transition) in the membranes measured by calorime-
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trie scans occurred at lower temperatures than without propranolol.

X-ray diffraction patterns showed that propranolol/liposome mixtures having a

molar ratio of less than 1 are lamellar both in gel and in melted chain phase.

At ratios higher than 0.08 the propranolol induces an increase of the layer

thickness, and ratios larger than 1 lead to the destruction of the liposomes. As

we worked with a ratio of 10"6 (10"5 in the case of cells) we expect no detec¬

table change in the membrane characteristics of the liposomes.

As we know from the Gouy-Chapman theory and as shown by Surewicz

and Leyko (1981), Egorova et al. (1992) and Ivashchuk-Kienbaum and

Kadenbach (1995) the zetapotential and membrane potential of liposomes

depends on the ionic strength of the buffer. Therefore we used a buffer with a

constant ionic strength of 230 mmol/kg over the examined pH range. The

buffer used in this work was characterized in detail by Pauletti (1993).

Comparison with other buffer systems excluded partition of complexes

between propranolol and buffer components into the membrane (Pauletti,

1993).

In this work we calculated the molar APC using molar concentrations of

solute in buffer as well as in the lipid phase. In order to show the link between

APC and the association constant Ka, we also calculated the "lipid-standardi-

zed molar partition coefficient" (Hellwich and Schubert, 1995) APCm- The

solute concentration is given as mol solute per mol lipid and is therefore the

ratio of solute to lipid in the membrane. The solute concentration in buffer is

given as mol solute per litre. It can be calculated by division of the molar APC

by the Mrav of the lipids and multiplication with 1000. Under Nernst conditions

it corresponds to the Ka of a 1:1 solute-lipid complex, if the membrane

consists of one lipid species only and APCm is much higher than one. A

further possibility, which can be found in literature, is the partition coefficient of

mol solute per mol lipid to mol solute per mol water. To gain this coefficient the

"lipid-standardized molar partition coefficient" has to be multiplied by 55.56

mol/l (mol H2O per liter). This coefficient can also be understood as the ratio of

water molecules to lipid molecules surrounding one solute molecule in either

of the phases. The binding constant Ka of the neutral propranolol to PhC is

calculated as 2356 l/mol and for the protonated species (above pH 4) 735

l/mol. Lee (1978) reported binding constants of both the cation and neutral

forms of propranolol of 1250 l/mol. The intrinsic binding constant of charged

propranolol to egg PhC vesicles at 25°C and pH 4.7 (10 mM acetate buffer)

examined by Eriksson and Westman (1981) was around 100 l/mol. The spin
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labeled analogue of propranolol revealed a binding constant of around 3000

to 4000 l/mol.

The relation between partition coefficients in the lipid membrane/buffer

system and the passive penetration of in vivo membranes is still not known.

Whether a certain APC based on mainly hydrophobic forces and the same

APC based on mainly ionic forces result in the same penetration rate will be

part of following studies. Leakage measurements of entrapped solute from

giant liposomes will be part of the work.

Schurmann and Turner (1978) examined the buccal absorption of pro¬

pranolol and atenolol. The absorption of propranolol followed the ionization

curve, the neutral molecule showed much higher absorption (about 90%) than

the ionized one (about 3%). If the absorption would only depend on the APC

the ionized drug should be absorbed in higher amounts than only 3 % when

compared to our results, where the PCj equals 47 % of the TPC in the

MDCKsomes below pH 7.6 and 80 % above. In the PhC-liposome system the

PCj makes 31 % of the TPC. An explanation for this disagreement could be,

that membrane permeation rather depends on the hydrophobic interactions

than on the sum of all interactions, i.e. hydrophobic and ionic.

,
The ratio of the partition coefficients of neutral and ionic molecule can

i

be expressed by the difference between the intrinsic pKa of the molecule and

the interface pKa, i.e. the pKa of the molecule within the lipid layer. When we

consider the four equilibria, partition of the two solute species and dissociation

of the solute in the buffer and the membrane, we find, that they are in close

relation. Three of them are given by the intrinsic pKa of propranolol in the

!, buffer and the partition coefficients of the neutral and the protonated proprano-

, i lol. The fourth, the pKa of propranolol at the interface, can therefore be calcu-

/ lated. Miyazaki et al. (1992) give the theoretical background and examples for

local anaesthetics.

pKa (interface) - pKa (intrinsic) = logio (PCj/TPC). For the PhC liposomes the

interfacial pKa would be pKa (intrinsic) + logio (580/1859) = 9.24 + (-0.51) =

8.73. For the MDCKsomes at the membrane state between pH 7.6 and 10.4

the interface pKa would be 9.13.

For the future studies in the partition project, emphasis will be put on the

relation between surface potential and APC in more detail. The pH-depen-
dence of lipid order and membrane structure of liposomes has to be investiga¬

ted. On the other hand further partition experiments with other solutes, i.e.

acids, neutral substances, solutes with different polarities, apolar substances

will be performed as well as a systematic comparison of various lipids for a
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better understanding of drug-membrane interactions. Studies on membrane

passage in various in vitro systems have to be done to find the relation

between partition and passage behavior.
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Conclusions

The goal of in vitro partition studies is to predict the behavior of drugs in vivo.

Since in vivo conditions like local drug concentration, drug/lipid ratio, compo¬

sition of lipid membranes, pH and composition of aqueous phases vary, it is

important to have in vitro partition systems, which are either independent of

these factors or allow the examination of their influence on drug-lipid mem¬

brane interactions. The liposomal partition system combined with equilibrium

dialysis as separation method and liquid scintillation counting as analytical

procedure seems to fulfil these requirements. Drug concentration dependent

effects can be neglected, because it is possible to work at very low drug/lipid

ratios, where the PC is closely related to the binding constant. But in vivo con¬

centrations and all other individual in vivo conditions can also be mimicked

with the liposomal system. In this work we studied the influence of pH, lipid

membrane composition and, to some extent, the influence of drug/lipid ratio.

Other parameters like temperature, ionic strength, buffer composition, lipid

concentration, membrane curvature, i.e. liposome size, were not investigated.

The pH dependency could be described based on the Henderson-

Hasselbalch dissociation equation. The influence of various phospholipids

could be explained qualitatively by their net charge. Above a certain drug/lipid

ratio the PC decreased with increasing ratio, as can be expected from the

mass balance of the drug-lipid interactions. The forces between propranolol

and the lipids are of ionic as well as hydrophobic character. The relation

between the type and strengh of drug-lipid membrane interactions and the

permeation of membranes is subject of further investigations.
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