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Abbreviations and denotations 

BBMV brush border membrane vesicle 
bR bacteriorhodopsin from Halobacterium halobium
DSTAP distearoyltrimethylammoniumpropane 
DTAB dodecyltrimethylammonium bromide 
EPL egg phospholipid 
Fa fraction absorbed 
GLUT1 the human red blood cell glucose transporter 
ILC immobilized liposome chromatography 
PC phosphatidylcholine 
PE phosphatidylethanolamine 
PEG polyethylene glycol 
PI phosphatidylinositol 
Poct octanol-water partition coefficient 
PS phosphatidylserine 
SDS sodium dodecylsulfate 
SEC size exclusion chromatography 
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Preface

The ability to accurately predict absorption properties of drug candidates is 
of great importance early in the drug development process. When drug 
molecules are passively transported through cell membranes, the first key 
step is partitioning of the drug into the membrane. Partition data can there-
fore be used to predict passive drug uptake. Partitioning between octanol and 
water was the first method used to obtain such data. Later, methods using 
model membranes, e.g., liposomes, have been developed for partition analy-
sis. Drug partition chromatography analyzes the drug partitioning into im-
mobilized model membranes, where the chromatographic retention of the 
drug reflects the partitioning. The aims of this thesis were to develop the 
model membranes used in drug partition chromatography and to characterize 
drug–membrane interactions. 
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Introduction

The cell membrane 
The cell membrane separates the cell from the surroundings and thereby 
maintains chemical gradients. Membranes also form compartments within 
the cell, e.g., the endoplasmatic reticulum and the mitochondria. The cell 
membrane is active in cell signaling and transport of, e.g., nutrients and ions, 
and as a matrix in which several biochemical reactions occur. 

A biological membrane is composed of lipids and proteins. The phospho-
lipids phosphatidylcholine (PC), -ethanolamine (PE) and -serine (PS) are the 
major lipid components of mammalian cell membranes. They are amphi-
philic molecules containing two fatty acid chains of different lengths and 
degrees of saturation connected to a glycerol backbone to which a hydro-
philic headgroup is coupled. Other lipids in the membrane are sphingolipids, 
where fatty acids are connected to the amino alcohol sphingosin, and chole-
sterol, which is built up of four fused sterol rings with a hydroxyl group at 
one end of the molecule and a branched alkyl chain at the other end. Glyco-
glycerolipids are only available in low concentrations in animal membranes, 
but are widespread in plant and bacterial membranes. 

The phospholipids form a lipid bilayer with their fatty acid chains point-
ing inwards, forming the hydrophobic core of the bilayer, and the hydro-
philic headgroups are exposed on each side of the bilayer facing the aqueous 
surroundings (Fig. 1). The phospholipid bilayer of an animal cell membrane 
is approximately 45 Å thick (Storch & Kleinfeldt 1985). Cholesterol is posi-
tioned with the hydroxyl group at the aqueous interface of the bilayer and the 
hydrophobic ring system reaching approximately to C10 of the phospholipid 
fatty acid chains within the lipid bilayer. Transmembrane proteins are situ-
ated in the phospholipid bilayer as presented in the fluid mosaic model 
(Singer & Nicolson 1972), and peripheral membrane proteins are coupled to 
the bilayer surface. The transmembrane proteins have several functions, e.g., 
they import and export water, nutrients, ions and xenobiotics; transmit sig-
nals and are active in cell–cell recognition. Transmembrane proteins are 
often built up of membrane-spanning -helices or -sheets connected by 
hydrophilic loops. The three-dimensional structures of proteins are unique 
and crucial for each protein’s function. 

The membrane has a flexible structure (Singer & Nicolson 1972) and can 
reseal spontaneously if disrupted. The two sides of the membrane are differ-
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ent in both lipid and protein composition. The phospholipids and proteins 
can diffuse laterally and transversely (flip-flop) in the membrane. It takes 
seconds to minutes for a phospholipid to diffuse around the cell membrane 
(Mathews et al. 2000). The flip-flop rates of phospholipids are very slow, 
with halftimes of several days (Boon & Smith 2002). There are at least two 
kinds of membrane proteins, flipases and phospholipid translocases, which 
catalyze the transverse transport of phospholipids (Mathews et al. 2000). 

Biological membranes are generally in a liquid-crystalline phase at 
physiological temperature, but can transform to a more solid gel-like phase 
with restricted motion of the fatty acid chains at lower temperatures. The 
transition temperature, where the membrane shifts between these two phases, 
depends on the compositions of headgroups and fatty acid chains of the 
phospholipids in the bilayer. The transition temperature range is broadened 
by cholesterol. Cholesterol causes a more orderly packed membrane due to 
decreased motion of the fatty acid chains.

Transport across cell membranes 
Solutes enter or leave the cell by passive or active transport (Fig. 1) (see 
Engvall & Lundahl 2005 for a recent review). Passive transport follows the 
concentration gradient, whereas active transport can concentrate a solute by 
use of energy. 

Figure 1. Schematic illustration of the transport of a solute ( ) across a cell mem-
brane composed of phospholipids and a transmembrane protein. (A) Partitioning 
into and out from the membrane, (B) diffusion through the membrane and (C) pro-
tein-mediated transport. 
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Small solutes, e.g., drugs, partition into the lipid bilayer of the membrane 
from the aqueous phase outside (Fig. 1A), diffuse randomly within the 
membrane (Fig. 1B) and partition out from the membrane on the other side 
(Fig. 1A). The rate of the partition-diffusion transport is highly dependent on 
the molecular structure of the solute (Hansch & Fujita 1964). The transport 
is driven by the concentration gradient and the transport rate will decrease 
with lowered temperature. 

Protein-mediated transport (Fig. 1C) can be passive or active. Passive 
protein-mediated transport is performed by ion channels that regulate ion 
transport over the membrane; porins that form pores for, e.g., water; and 
facilitative transporter proteins, e.g., the human red blood cell glucose trans-
porter GLUT1 (Kasahara & Hinkle 1977, Mueckler et al. 1985, Widdas 
1988, Seatter & Gould 1999), which changes conformation to allow glucose 
to be transported through the membrane. Active transport proteins use en-
ergy from ATP hydrolysis or an ion gradient to concentrate a solute. Large 
molecules, e.g., certain proteins, can be transported into the cell by receptor-
mediated endocytosis. 

Definitions of partitioning, diffusion and permeability 
A solute partitions between an organic/hydrophobic phase, such as octanol 
or the hydrophobic region of a biological membrane, and water. The parti-
tion coefficient, K, of a solute is described by the concentration ratio of the 
solute in the organic/hydrophobic phase, Corg, and the aqueous phase, Caq

aq

org

C
C

K    (1) 

The partition coefficient can also be expressed in terms of the free energy 
change, Gtransfer

RT
Gtransfer

 e K    (2) 

where R is the general gas constant (J K-1 mol-1) and T the temperature (K). 
Gtransfer is composed of several terms, such as electrostatic, hydrophobic 

and solute-specific contributions  

solutechydrophobiticelectrostatransfer GGGG  (3) 
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At equilibrium, the solute concentrations in the two separate phases balance 
the energy change as the solute crosses the boundary between the phases. 

Fick’s first law of diffusion describes the flux, J (mol s–1m–2), of mole-
cules from a high concentration region to a low concentration region 

orgC
d
DCC

d
DJ )( 12   (4) 

where D is the diffusion coefficient (m2 s–1), d the thickness (m) of the hy-
drocarbon region in the membrane and Corg the concentration difference 
(mol m–3) over the membrane. If the solute solubility differs in the hydro-
phobic and aqueous phases, the partition coefficient, K, will control the con-
centration difference. The flux will then be described by 

aqC
d

KDJ    (5) 

and both D and K affect the rate of solute migration across the membrane. 
The permeability coefficient, P (m s–1) is given by 

d
KDP    (6) 

When an ion diffuses across a bilayer, the transmembrane potential causes 
additional effects. A tenfold concentration gradient equals a potential of 59 
mV for a univalent ion (Stein 1990). 

The flux of a hydrophilic molecule might be low due to weak partitioning 
into the membrane. More hydrophobic compounds partition more strongly 
into the membrane, but may instead have problems with low aqueous solu-
bility. Differences in the partition coefficient for different solutes have the 
largest influence on the permeability, since variations in membrane thickness 
of different membranes and the diffusion constants for different solutes are 
typically smaller (Pohorille et al. 1999).
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Model membranes mimicking the cell membrane 
A liposome (Bangham & Horne 1964), illustrated in (Fig. 2), is a spherical 
self-closed vesicle built up of a phospholipid bilayer (Fig. 3A) enclosing an 
aqueous compartment. 

Figure 2. Schematic illustration of a liposome. © Göran Karlsson. 

Due to the structural similarity with natural membranes, liposomes have 
been extensively used as an artificial model membrane. Liposomes are either 
unilamellar, with one bilayer enclosing an aqueous compartment, or multi-
lamellar, with several lipid bilayers with aqueous compartments between 
each bilayer. Liposomes are also used as drug carriers (Gregoriadis & Ry-
man 1972, Kirby & Gregoriadis 1984), where polyethylene glycol (PEG)-
substituted phospholipids may be used in the liposomal bilayer to prolong 
the blood circulation time of the liposome, as reviewed in Torchilin (1998). 

A proteoliposomal bilayer (Fig. 3B) is formed when a membrane protein 
is inserted (reconstituted) into a lipid bilayer (Racker 1977, 1979). Proteo-
liposomes can be used to study the activity of some particular membrane 
protein without interference from other proteins in the cell membrane. 

Membrane vesicles are prepared from cells that are stripped of the inter-
nal cell material. Parts of the natural membrane spontaneously seal to mem-
brane vesicles that will be formed either right side or inside out. The lipid 
bilayer of the vesicles is naturally asymmetric and membrane proteins are 
present in their natural environment (Fig. 3C). 

The bilayer disk (Fig. 3D), a novel model membrane, is built up of a lipid 
bilayer that does not enclose any aqueous compartment (Whiles et al. 2002, 
Johnsson & Edwards 2003). The advantage of this model membrane is that 
all lipids are available at all times from the surrounding aqueous environ-
ment.
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Figure 3. Schematic illustration of the different model membranes used in this the-
sis. (A) Part of a liposomal phospholipid bilayer, (B) part of a proteoliposomal 
membrane with reconstituted transmembrane proteins situated in the phospholipid 
bilayer, (C) part of a vesicle membrane with several different membrane proteins 
present in the phospholipid bilayer, and (D) a bilayer disk with PEG attached to a 
certain phospholipid. Cholesterol is not shown in any of the bilayers.  

Other model membranes used in drug partition analysis are cubic lipid 
phases (Engström et al. 1999) and detergent micelles, as reviewed by Eng-
vall & Lundahl (2003). Detergent molecules have a cone-shaped geometry, 
compared to the cylindrically shaped phospholipids, and form micelles, 
which do not enclose any aqueous compartment. 

Methods to analyze or predict drug transport across cell 
membranes 
A drug has to cross several cell membranes by passive diffusion or protein-
mediated transport to reach its pharmacological target. The apical brush bor-
der membrane in the small intestine is the first membrane an orally adminis-
tered drug has to pass. Not only the pharmacological potency, but also the 
pharmacokinetic properties, such as absorption and distribution, are of ut-
most importance when developing a new drug. Absorption of a drug depends 
on many properties of the compound, e.g., molecular weight, size, charge 
and solubility, and on physiological aspects such as intestinal enzymology. 
The ideal method for prediction or analysis of drug absorption should rapidly 
determine the flux of a drug through a natural membrane from the human 
small intestine. 

Computer-assisted methods 
In silico methods that predict permeability and bioavailability can be used 
early in the drug development process. Such predictions are based on the 
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molecular properties of the compound, such as polar surface area, molecular 
size and hydrogen bonding properties, and can even be analyzed before syn-
thesis of the compound. 

Lipinski and co-workers have established a simple rule, ‘the rule of five’ 
(Lipinski et al. 1997), that can be used as a filter to sort out molecules with 
disadvantageous permeability properties. The rule states that a compound is 
likely to have low permeability in the intestine when two or more of the fol-
lowing criteria are reached: the drug molecule has more than five H-bond 
donors, the drug molecule has more than ten H-bond acceptors, the molecu-
lar weight exceeds 500 and the logarithm of the partition coefficient for oc-
tanol-water, log Poct, is larger than five. The rule is not applicable to drugs 
that use protein-mediated transport and many of the drugs in the test set used 
to develop the rule had high absorption (Bohets et al. 2001). More accurate 
predicted data can be obtained if also partition and permeability data are 
included in the in silico methods (Balimane et al. 2000, Bohets et al. 2001). 
Many attempts have been made to derive predictive algorithms for absorp-
tion and there are also some software packages that predict permeability and 
bioavailability. 

Permeability measurements
A widely accepted in vitro model system to predict drug absorption is the 
use of cultured intestinal colon cancer cells, such as Caco-2 cells, for perme-
ability measurements (Artursson 1990, Artursson & Karlsson 1991, Arturs-
son et al. 1996). Caco-2 cell layers have tight junctions and express enzymes 
and transporter proteins, which enable determinations of passive diffusion, 
passive and active protein-mediated transport and paracellular transport of 
solutes. Disadvantages are that the method is time-consuming, has a low 
throughput due to slowly growing cells, shows interlaboratory variabilities 
and sometimes gives false negative results for actively transported drugs 
(Balimane et al. 2000, Bohets et al. 2001). The cells can over-express P-
glycoproteins that expel xenobiotics from cells and might have tighter junc-
tions than those present in the intestine (Balimane et al. 2000). Nevertheless, 
the method can separate poorly absorbed compounds from well-absorbed 
ones and give information on active transport and protein-mediated drug 
efflux.

Another method, the ‘parallel artificial membrane permeability assay’ 
(Kansy et al. 1998), measures the extent of permeation through an artificial 
membrane formed from a mixture of phospholipids and organic solvent on 
filters in microtiter plates. Different phospholipid mixtures have been used to 
mimic natural cell membranes (Sugano et al. 2001, Di et al. 2003, Abdiche 
& Myszka 2004). The advantage of the method is that large sets of com-
pounds can be screened rapidly, but compounds that are actively transported 
will get underestimated permeability values.
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The permeability of a solute through a lipid bilayer can also be analyzed 
by use of solute-loaded liposomes. The free concentration of the solute at 
specific times is determined by chromatography or scintillation counting 
(Xiang et al. 1998, 2000, Xiang & Anderson 2000). The fluxes of glucose 
and amino acids into liposomes, proteoliposomes and red blood cells have 
been measured similarly (Lagerquist Hägglund & Lundahl 2003). 

Tissue-based methods, such as the everted gut technique (Wilson & 
Wiseman 1954) and intestinal segments in an Ussing chamber (Ussing & 
Zerahn 1951) are also used to analyze permeability. 

Partition measurements 
Partitioning into biological membranes is often modeled by octanol-water 
partitioning (Collander 1951, Hansch et al. 1962, Hansch & Fujita 1964, Leo 
et al. 1971, Smith et al. 1975, Betageri & Rogers 1987), but several other 
hydrophobic solvents have also been used. The octanol-water partition data 
is expressed as a partition coefficient (Poct or Doct), where Poct is determined 
at a pH where the solute is uncharged and Doct at a pH where the solute is 
charged. The advantage of the octanol-water partition method is the easy 
performance, but octanol only models the hydrophobic core and not the 
headgroup region of a biological membrane. 

Chromatographic analysis of drug partitioning into immobilized lipo-
somes, ‘immobilized liposome chromatography’ (ILC) (further described in 
‘Present investigation’) was developed from work on liposome immobiliza-
tion by freeze-thawing (Yang & Lundahl 1994) and introduced at a confer-
ence in 1994 (Beigi et al. 1995). The method has been expanded to include 
other model membranes, such as red blood cell membrane vesicles (Lundahl 
& Beigi 1997, Beigi et al. 1998, Beigi & Lundahl 1999), red blood cell 
ghosts (Beigi et al. 1998), proteoliposomes (Paper I), intestinal brush border 
membrane vesicles (BBMVs) (Paper II) and bilayer disks (Paper V). There-
fore, the method is sometimes renamed ‘drug partition chromatography’ 
(Papers II–III, V). ILC has also been used for retention analysis of an oligo-
nucleotide (Paper IV), partition studies of oligopeptides (Zhang et al. 1995, 
Hjorth Alifrangis et al. 2000), separation and refolding of proteins (Yoshi-
moto et al. 1998, 2000, Yoshimoto & Kuboi 1999, Shimanouchi et al. 2000), 
determinations of thermodynamic quantities of membrane partitioning (Yang 
et al. 2000), analyses of the perturbation of liposomal membranes by drug, 
peptide and protein partitioning into the membrane (Liu et al. 2001a), studies 
of phospholipase-induced membrane leakage (Liu et al. 2001b), screening 
and separation of extracts from traditional Chinese medicinal plants (Mao et
al. 2002, 2003) and analysis of association and dissociation rate constants 
and chromatographic theories, such as band broadening (Ohno et al. 2004). 
The advantages of ILC/drug partition chromatography are the diversity of 
membranes that can be immobilized and analyzed, the experimentally simple 
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setup (Fig. 6), the high analytical sensitivity, and the ability to screen large 
sets of compounds and group them according to high or low perme-
ability/bioavailability. Unfortunately, no columns are commercially avail-
able and organic solvents cannot be used in the running buffer since they can 
elute the immobilized materials.

A similar chromatographic method uses ‘immobilized artificial mem-
branes’ of monolayers of phospholipids or phospholipid analogs covalently 
bound to silica particles (Pidgeon & Venkataram 1989) for drug partition 
analysis (Alvarez et al. 1993, Liu et al. 1995, Pidgeon et al. 1995, Ong et al.
1995, 1996, Barbato et al. 2004). The drawbacks with this method are the 
restricted lipid movement, since the fatty acids of the phospholipids are 
bound to silica particles, and that only a lipid monolayer is present. Charged 
groups in the silica can interact with charged solutes (Taillardat-Bertschinger 
et al. 2003), and the method might only be valid for uncharged solutes (San-
tos et al. 2003). However, columns are commercially available and mixtures 
of aqueous/organic solvents can be used as running eluents, which can sim-
plify analysis of highly hydrophobic compounds. 

Other chromatographic methods for drug partition analysis use liposomes 
immobilized in capillary continuous beds (Zhang et al. 1996) or a Brij35 
micellar mobile phase (‘biopartitioning micellar chromatography’) (Sanchis-
Mallols et al. 1997, Escuder-Gilabert et al. 1998, Quiñones-Torrelo et al.
2002).

Liposomes in suspension are also used in drug and solute partition studies 
analyzed by scintillation counting (Katz & Diamond 1974), by photometry 
(e.g., Korten et al. 1980, Betageri & Rogers 1987, Ma et al. 1991a,b, Santos 
et al. 2003), pH-titration (Avdeef et al. 1998, Balon et al. 1999a,b) and iso-
thermal titration calorimetry as reviewed in Heerklotz & Seelig (2000). Drug 
partitioning has also been determined by capillary electrophoresis with lipo-
somes or micelles as a pseudostationary phase (see review by Engvall & 
Lundahl 2003) and optical surface analyses on liposomes on a grating cou-
pler (Ramsden 1993) or by surface plasmon resonance on chip-immobilized 
liposomes/lipid bilayers (Danelian et al. 2000, Baird et al. 2002, Abdiche & 
Myszka 2004, Frostell-Karlsson et al. 2005) and BBMVs (Kim et al. 2004). 
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Present investigation 

Aims
This thesis deals with how drugs partition into natural and artificial mem-
branes and the properties that affect such partitioning. The aims were to de-
velop the model membranes used in drug partition chromatography, and to 
study the effects of different membrane components and membrane struc-
ture, to characterize drug–membrane interactions. Several kinds of mem-
branes were used for the drug partition analysis: (proteo)liposomes contain-
ing cholesterol and/or transmembrane proteins (Paper I), natural membrane 
vesicles from pig intestinal brush border cells (BBMVs) and BBMV-lipid 
liposomes (Paper II), charged and neutral liposomes prepared from natural or 
synthetic lipids (Papers III–V) and bilayer disks (Paper V). 

Methods and techniques 
Preparation of liposomes and bilayer disks 
Liposomes were prepared from purified natural phospholipids and from syn-
thetic (phospho)lipids. Liposomes were either formed by rehydration of a 
lipid film (Papers I, III–V), which produces multilamellar liposomes, or by 
detergent removal from a suspension of lipids and detergents in buffer by 
use of size exclusion chromatography (SEC) (Papers I–II), whereby 
unilamellar liposomes are formed. Unilamellar liposomes were also prepared 
from suspensions of multilamellar liposomes by repetitive extrusion of the 
liposomes through a polycarbonate filter (100 nm pore size) (Paper IV). Li-
posomes prepared by rehydration are polydisperse in size and lamellarity 
and will fuse and aggregate in solution with time. 

Bilayer disks are formed in detergent-lipid mixtures (Ram & Prestegard 
1988, Carmona-Ribeiro et al. 1991, Silvander et al. 1996) or when PEG-
lipids are added to a phospholipid/cholesterol mixture (Edwards et al. 1997, 
Johnsson & Edwards 2003). Inclusion of 5 mol% PEG-substituted phospho-
lipid (PEG-distearoyl-PE) resulted in unilamellar liposomes, whereas 12 
mol% resulted in bilayer disks (Paper V). The PEG-lipid is mainly situated 
on the edge of the bilayer disk (Fig. 3D). 
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Preparation of proteoliposomes 
Proteoliposomes containing lipids and transmembrane proteins can be pre-
pared from protein/lipid/detergent suspensions by SEC (Paper I) or by dia-
lysis. The proteins are randomly orientated in the membrane (Racker 1977) 
as long as the vesicle size is large enough. 

GLUT1 is a transmembrane protein that facilitates transport of mono-
saccharides and dehydroascorbic acid across the human red blood cell mem-
brane (Kasahara & Hinkle 1977, Mueckler et al. 1985, Widdas 1988, Seatter 
& Gould 1999). The size of the protein is 54 kDa (492 amino acids) and the 
charge is +6 per monomer at pH 7.4 (isoelectric point 8.5 (Englund & Lun-
dahl 1991)). GLUT1 bears a heterogeneous oligosaccharide attached to Asn 
45 on the outside of the cell (Mueckler et al. 1985). GLUT1 was chosen as a 
model protein, since much knowledge on the purification and activity of the 
protein was present in the research group. GLUT1 was purified by lysing red 
blood cells followed by depletion of cytosolic and cytoskeleton proteins by 
SEC and other membrane proteins by anion exchange chromatography (see 
Lundahl et al. 1986 for more details). GLUT1 proteoliposomes were formed 
by SEC from detergent-solubilized GLUT1 and the phospholipids co-
purified with the protein (Brekkan et al. 1996). GLUT1 constitutes 90% of 
the protein in GLUT1 proteoliposomes (Gottschalk et al. 2000). Correspond-
ing liposomes were prepared in the same way from lipids extracted with 
chloroform/methanol (Folch et al. 1957) from the proteoliposomes. 

Bacteriorhodopsin (bR) is a light-driven proton pump from Halobacte-
rium halobium which is commercially available in a purified, freeze-dried 
form. The protein has been thoroughly studied and was the first membrane 
protein for which the three-dimensional structure was solved (Henderson & 
Unwin 1975, Henderson et al. 1990). The size of the protein is 25.5 kDa 
(239 amino acids) and the charge is –3 per monomer at pH 7.4 (isoelectric 
point 5.7). Solubilization of bR was performed essentially as in Dencher & 
Heyn (1982). Proteoliposomes containing bR were prepared by detergent 
removal by SEC from a suspension of solubilized protein, detergents, egg 
phospholipids (EPLs) and cholesterol (when preparing bR/cholesterol prote-
oliposomes). The formed proteoliposomes were colored purple by the recon-
stituted protein. Corresponding liposomes were prepared similarly. 

Preparation of BBMVs 
The brush border membrane is initially involved when a drug is absorbed in 
the small intestine. BBMVs (Fig. 4) (Paper II), purified from porcine small 
intestine essentially as in Hauser et al. (1980), contain the natural cell mem-
brane composed of phospholipids, cholesterol, receptor proteins and en-
zymes. 
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Figure 4. Cryo-transmission electron microscopy micrograph of an aliquot of 
BBMV suspension. The size of the bar is 100 nm. 

The intestines were first rinsed with saline and then the mucus was removed 
with paper before the cells were scraped off and homogenized. The brush 
border membrane was purified by precipitating all other membranes with 
MgCl2 followed by centrifugations. Corresponding liposomes were prepared 
from lipids extracted from the BBMVs. The purity of the BBMV prepara-
tions was controlled by comparing marker protein activities in the homoge-
nates and BBMV suspensions. Sucrase was used as marker for the apical 
membrane and the ouabain-sensitive Na+/K+-ATPase for the basolateral 
membrane. The BBMV suspension showed an 18-fold increase in sucrase 
activity, whereas no change in activity was seen for the basolateral mem-
brane marker protein (Paper II). The BBMV suspensions are not completely 
pure. Other materials contaminate the preparation (Fig. 4). These materials 
are to small to be sterically immobilized and will probably not interfere with 
the drug partition analyses. 

Immobilization of membranes 
The model membranes were mainly immobilized sterically in gel beads by 
freeze-thawing (Papers I–V). Unilamellar liposomes (Paper IV) and bilayer 
disks (Paper V) were sterically immobilized by simply mixing the liposome 
or disk suspension with dried gel beads. BBMVs were also immobilized by 
streptavidin-biotin binding (Paper II). 

Steric immobilization by freeze-thawing 
Liposomes at a sufficiently high concentration in suspension will fuse if they 
are frozen and thawed (Kasahara & Hinkle 1977, Pick 1981, Oku & Mac-
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Donald 1983, Mayer et al. 1985) and produce enlarged, multilamellar struc-
tures. This phenomenon is used in the freeze-thaw immobilization method 
developed by Lundahl and coworkers (Lundahl et al. 1993, Yang & Lundahl 
1994, Brekkan et al. 1997). Dried gel beads, e.g., Superdex 200 prep grade, 
are rehydrated with a membrane suspension. This will immobilize some of 
the material by sucking the membranes into the microcavities of the beads 
where they become entrapped (Fig. 5). Unilamellar liposomes (Paper IV) 
and bilayer disks (Paper V) were immobilized this way. More material is 
immobilized upon five cycles of freezing (–75ºC, ethanol/CO2 (s)) and thaw-
ing (+25ºC, water). Non-immobilized material is removed by repetitive 
washing and the gel is packed into a column for chromatography and equili-
brated with running buffer. 

Figure 5. Schematic illustration of the microcavities of a porous gel bead with ste-
rically immobilized liposomes. Reprinted from J. Chromatogr. B, 699, Lundqvist, 
A., Lundahl, P. Chromatography on cells and biomolecular assemblies, 209–220, 
Copyright (1997), with permission from Elsevier. 

Streptavidin-biotin immobilization 
Streptavidin-biotin binding was used to immobilize BBMVs as a comple-
ment to freeze-thaw immobilization (Paper II). The BBMVs were incubated 
with sulfosuccinimidyl-6-(biotin)amidohexanoate for 45 minutes at 4ºC. 
Excess biotin was removed and the biotin-BBMV suspension was applied 
several times on a column with streptavidin-derivatized agarose gel. 
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Chromatography on immobilized membranes 
The interactions of drugs and solutes with liposomes, proteoliposomes, 
membrane vesicles and bilayer disks were analyzed by ILC/drug partition 
chromatography (Fig. 6). The solutes (Table 1) were dissolved in running 
buffer (usually 10 mM Tris or phosphate buffer with 150 mM NaCl and 
1mM EDTA) to 0.1–0.5 mg ml–1, with <5 volume% ethanol, injected and 
analyzed at room temperature at a constant flow rate of 0.5 or 1.0 ml min–1,
and detected by absorbance at 220 nm (267 nm for phosphonium ions). In 
Papers III–IV, liposome columns were equilibrated with detergent-
supplemented running buffer. The detergent was inserted into the liposomal 
bilayer during the equilibration, which was monitored by partition analysis 
of a particular drug during the equilibration. 

Figure 6. The setup for ILC/drug partition chromatography on immobilized mem-
branes. The column volume usually varies between 0.2-1.5 ml and the amount of 
immobilized phospholipid between 1-25 µmol. The sample volume is typically 20µl. 

The drug partitioning can be described by the capacity factor Ks (M-1), which 
is defined as the drug retention per phospholipid amount 

A
VVV

K G0E
s    (7)

where VE is the elution volume (l) of the drug (Fig. 7); V0 the elution volume 
(l) of a solute that presumably does not interact with the lipid bilayers, e.g., 
Cr2O7

2– (Fig. 7); VG the drug retention volume (l) on an equally-sized column 
with empty gel beads and A the amount of phospholipids (mol) in the gel bed 
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after the series of runs. The phospholipid amount was determined by phos-
phorus analysis (Bartlett 1959) and the protein amounts by quantitative 
amino acid analyses of hydrolyzed gel samples, with minor corrections 
(Gottschalk et al. 2000). In Paper IV, the weight fraction of DSTAP was 
included in the A values. The amount of cholesterol was not included in Pa-
pers I & V, although cholesterol will increase the total liposome area and the 
hydrophobic volume of the bilayer. The drug interactions with the gel beads, 
VG, are small compared to VE and were neglected in Paper I (cholesterol-
containing liposomes) and in Paper V. 

Figure 7. Elution profile for Cr2O7
2– (V0) and the drug ibuprofen (VE) on a multi-

lamellar PC liposome column at a flow rate of 1 ml min–1, at room temperature. The 
drug retention (VE–V0) reflects the partitioning of the drug into the analyzed mem-
brane and varies largely between different drugs. Partition analysis of hydrophobic 
drugs can take hours, depending on the amount of immobilized lipid. The solutes are 
usually analyzed one at a time. 

Ks is an average partition constant of the overall partitioning into the mem-
brane and the partitioning both into and out from the membrane is involved. 
Ks can be converted to a partition coefficient, by dividing it with the molar 
volume of the immobilized phospholipid, e.g., 0.755 for PC (Yang et al.
1999, Liu et al. 2001c, 2002). 

The analysis of drugs with high partition coefficients on ordinary ILC 
columns can be time-consuming, but smaller columns with lower amounts of 
immobilized phospholipid can be used to shorten the analysis time (Beigi & 
Lundahl 1999, Österberg et al. 2001). 

A column with sterically immobilized liposomes may be used for drug 
partition analysis during up to 8 months (Österberg et al. 2001), but the im-
mobilized phospholipids are susceptible to hydrolysis, which may change 
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the lipid composition and amount with time. The true A value for the drugs 
first analyzed on the column might differ from the experimentally measured 
A if the column is used for a long time period. 

Drugs and solutes 
The drugs and solutes used in Papers I–V are shown in Table 1. They have 
different structures, sizes and pKa values, are absorbed to various extents in 
the gastrointestinal tract and are used in the treatment of many different di-
seases in the clinic. The used drugs include both homologous series of com-
pounds, such as -blockers, as well as chemically diverse compounds. 

In addition to drugs, the retention of an oligonucleotide was analyzed by 
ILC in Paper IV. Oligonucleotides can be used as drugs in gene therapy to 
inhibit specific gene expression. They are too large to be transported pas-
sively over a cell membrane and must be administrated by use of, e.g., lipo-
somes. In Paper IV, the interactions between the oligonucleotide and neutral 
or charged liposomes was analyzed as a first small step in the process of 
developing a good liposomal delivery system for oligonucleotides. 
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Table 1. Name, charge at pH 7.4, molecular weight, and clinical usage of the solutes 
used in Papers I–V.

Solute Charge at 
pH 7.4 

Molecular 
weight

Clinical usage Used in 
Paper(s)

Alprenolol + 249.3 -blocker I–V 
Atenolol + 266.3 -blocker I–II, V 
Bupivacaine + 288.4 Local anesthetic III 
Chlorpromazine + 318.9 Neuroleptic I, V 
Corticosterone 0 364.0 Glucocorticoid I, III–V 
Cortisone 0 360.4 Glucocorticoid IV–V 
Desmethyldiazepam 0 270.7 Benzodiazepin II–III, V 
Dexamethasone 0 392.5 Glucocorticoid I–III 
Diazepam 0 284.8 Benzodiazepin I, V 
Diclofenac – 318.1 NSAIDa I–II, V 
Diflunisal – 250.2 NSAID I–II, V 
Flunitrazepam 0 313.3 Benzodiazepin V 
Flurbiprofen – 244.3 NSAID I, V 
Gemfibrozil – 250.3 Fibrate III–IV 
Heptyltriphenylphosphonium + 441.4 – V 
Hexyltriphenylphosphonium + 427.4 – V 
Hydrocortisone 0 362.0 Glucocorticoid I, III, V 
Ibuprofen – 206.3 NSAID I, III, V 
Indomethacin – 357.8 NSAID I, III, V 
Indoprofen – 281.3 NSAID I, III, V 
Ketoprofen – 254.3 NSAID I–II 
Lidocaine + 234.3 Local anesthetic II–III, V 
Loperamide + 477.1 Antimotility agent I, III 
Metolazone 0 365.8 Diuretic II–III 
Metoprolol + 267.4 -blocker I–III, V 
Naproxen – 230.3 NSAID I, III–V 
Nitrazepam 0 281.3 Benzodiazepin V 
Oligonucleotide (18mer–T,C) – 5789.7 – IV 
Oxazepam 0 286.7 Benzodiazepin I–III, V 
Oxprenolol + 265.3 -blocker I–II, V 
Phenytoin 0 252.3 Antiepileptic I, III, V 
Pindolol + 248.3 -blocker I, III–V 
Piroxicam – 331.4 NSAID V 
Prednisolone 0 360.4 Glucocorticoid II, V 
Promethazine + 284.4 Antihistamine I–II, V 
Propranolol + 259.3 -blocker I–V 
Salicylic acid – 138.0 NSAID III 
Sulfasalazine – 398.4 Anti-inflammatory V 
Sulindac – 356.4 NSAID I 
Tetraphenylphosphonium + 374.9 – V 
Theophylline + 180.2 Bronchodilator I–III, V 
Tolfenamic acid – 261.7 NSAID II 
Tolmetin – 257.3 NSAID III 
Verapamil + 454.6 Calcium antagonist V 
Warfarin – 308.3 Anticoagulant I–III, V 
a Nonsteroidal anti-inflammatory drug (NSAID) 
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Results and discussion 
Effects of membrane proteins and cholesterol on drug 
partitioning
Biological membranes contain a variety of components that can influence 
the drug partitioning. To investigate how membrane proteins and cholesterol 
affect the partitioning of drugs, liposomes containing cholesterol, proteolipo-
somes containing the transmembrane proteins GLUT1 or bR (Paper I), and 
natural brush border membrane vesicles purified from pig intestine (Paper II) 
were immobilized for drug partition chromatography. 

In Paper I, the partitioning of all drugs decreased linearly with increasing 
content of cholesterol (0–46 mol%) in the lipid bilayer at 23ºC (effect of 40 
mol% cholesterol is shown in Fig. 8), although different drugs were affected 
to different extents. This agrees with increased packing order of the mem-
brane, due to decreased motion of the fatty acid chains caused by the planar 
ring system of cholesterol (Kutchai et al. 1983, Robinson et al. 1995). Cho-
lesterol might also sterically hinder the diffusion of the drugs within the bi-
layer. The cholesterol effect was lowered when the temperature was in-
creased (up to 45ºC), due to more disordered fatty acid chains of the phos-
pholipids (Paper I). Other results on cholesterol-containing lipid bilayers 
showed both increased (LaBelle & Racker 1977, Ma et al. 1991a) and de-
creased (LaBelle & Racker 1977, Korten et al. 1980, Xiang et al. 1998, 
2000, Balon et al. 1999b, Liu et al. 2001c) partitioning and permeation of 
solutes, as well as specific partition minima at precise sterol concentrations 
(Wang et al. 1998). The differing results might be due to variations in ex-
perimental conditions, such as temperature, lipid phase, and model mem-
brane structure and whether the amount of cholesterol in the bilayer is con-
sidered when evaluating the data.

GLUT1 and bR were used as model transmembrane proteins to investi-
gate effects of membrane proteins on drug partitioning. They were easily 
available and are oppositely charged at pH 7.4. The model proteins affected 
the partitioning of charged drugs mainly electrostatically (Fig. 8) (Paper I). 
The electrostatic effect observed with bR proteoliposomes increased linearly 
with increasing protein amount over the range investigated. The altered par-
titioning of neutral drugs into GLUT1 proteoliposomes pointed to a contri-
bution of non-electrostatic effects. Such effects were only observed with 
GLUT1 and not with bR, indicating different hydrophobic components of 
the membrane proteins or different protein-lipid interactions. Drug partition 
data from bR/cholesterol proteoliposomes indicated that the protein and cho-
lesterol effects might be independent and take place at different positions in 
the membrane. Cholesterol decreased the partition values of all drugs, but 
positive drugs nevertheless showed increased partition values due to electro-
static interactions with bR (Fig. 8). 
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Figure 8. Average* effects (%) on log Ks of membrane proteins and cholesterol in 
GLUT1, bR, and bR/cholesterol proteoliposomes and cholesterol liposomes, for 
positive (white bar), negative (gray bar) and neutral (black bar) drugs (data from 
Paper I). The protein and cholesterol amounts were 14 weight% GLUT1, 6 weight% 
bR, 21 weight% bR/40 mol% cholesterol and 40 mol% cholesterol, respectively. 
The values obtained on pure liposomes are set to 100 %. The investigated drugs 
were different on the columns containing membrane proteins/cholesterol and the 
column containing cholesterol. 

Previous results also showed effects from membrane proteins on drug parti-
tioning, where the partitioning of a drug into biological membranes was 
lower than into PC liposomes (Korten et al. 1980) and the transmembrane 
peptide gramicidin in lipid bilayers enhanced the partitioning of solutes 
(Xiang & Anderson 2000, Xiang et al. 2000). All of these results show the 
importance of taking effects from membrane proteins into account when 
developing models for analysis of drug partitioning and for prediction of 
drug absorption. 

The brush border membrane is initially involved when a drug is absorbed 
in the small intestine and is therefore interesting to use in drug partition 
analysis. Previously, uptake and partitioning of some drugs into intestinal 
BBMVs had been determined by centrifugation (Alcorn et al. 1991, 1993), 
filtration (e.g., Osiecka et al. 1985, Moe et al. 1988, Piyapolrungroj et al.
2001) and also by surface plasmon resonance analysis (Kim et al. 2004). In 

* Averages of Ks values should be used carefully and preferably only for drugs with similar 
structures.  
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Paper II, BBMVs could be immobilized, both sterically in gel beads and by 
streptavidin-biotin binding. Only low amounts of the material were immobi-
lized in the streptavidin column and the drug elution volumes were very 
small. Presumably, the BBMVs were immobilized only on the surface of the 
streptavidin gel beads. BBMVs have also been immobilized by adsorption to 
detergent substituted Sepharose 4B gel beads (Habibi-Rezaei & Nemat-
Gorgani 2002) and on dextran surface chips (Cho et al. 2004, Kim et al.
2004).

The analyses of drug partitioning into BBMVs and BBMV-lipid lipo-
somes showed altered Ks values for positive and neutral drugs with time 
(Fig. 9). The negative drugs showed only small changes in the Ks values on 
both the BBMV and liposome columns. The decreased Ks values for positive 
and neutral drugs indicated changes in membrane composition over time. 
Liposomes prepared from BBMV-lipids were used to investigate whether the 
membrane proteins caused the decrease in Ks. The liposome columns con-
tained 2 weight% protein, which presumably became denaturated during 
extraction with methanol/chloroform. The stability was only partly improved 
since decreased Ks values were observed also on the liposome column (Fig. 
9B), indicating that lipids and not protein cause the changes in Ks.

Figure 9. Averages of Ks (%) on sterically immobilized (A) BBMVs and (B) 
BBMV-lipid liposomes for positive ( ), negative ( ), and neutral ( ) drugs with 
time. The analyses were performed at pH 7.4, at room temperature. The amounts of 
immobilized phospholipid (A in Eq. 7) in the columns were analyzed on day 4 and 7, 
respectively. Reprinted from J. Chromatogr. A, 1031, Engvall, C., Lundahl, P. Drug 
partition chromatography on immobilized porcine intestinal brush border mem-
branes, 107–112, Copyright (2004), with small modifications and permission from 
Elsevier.
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The negatively charged lipids in the BBMVs are PS, phosphatidylinositol 
(PI) and fatty acids (Christiansen & Carlsen 1981). Phospholipids with their 
two fatty acid chains have a lower tendency to leave the membrane than do 
fatty acids. Amino acid analysis showed that the PS levels were unchanged. 
No changes in retention were observed with time in control experiments on 
liposomes containing 5 or 50 mol% arachidic acid (Paper III), but Alcorn 
and co-workers (1991) observed decreased partition values of nitrobenzene 
and toluene into fatty acid-depleted BBMVs. The fatty acids in the brush 
border membrane might have shorter chains than arachidic acid (20:0) and 
thereby a larger tendency to partition out from the membrane. Hydrolysis of 
the phospholipids will produce lysophospholipids and free fatty acids, both 
of which have a higher tendency to leave the membrane than the original 
phospholipid. The negatively charged phospholipids might undergo hydro-
lysis at a higher rate than uncharged lipids. The stability of the immobilized 
brush border membrane might be enhanced by supplementing the running 
buffer with fatty acids or by use of other temperatures or pH-values in the 
buffer.

The partition data obtained on BBMVs correlated very well with data on 
BBMV-lipid liposomes, similarly as in Alcorn et al. (1991). The effects 
from the membrane proteins in the BBMVs (approximately 50 weight%) 
must have been rather small compared to the protein effects in Paper I. An-
other explanation is that the effects from all proteins present in the brush 
border membrane cancel each other with no net effect as result. Similarly, 
partition data obtained on red blood cell vesicles showed only minor differ-
ences compared to that into EPL liposomes (Beigi et al. 1998). 

Partition data obtained on PC/PE/PS/cholesterol liposomes with a compo-
sition chosen to mimic that in the natural brush border membrane (Liu et al.
2002), showed only a modest correlation with partition data obtained on 
BBMVs and BBMV-lipid liposomes, indicating that authentic BBMV lipids 
provide liposomes that more closely mimic the natural brush border mem-
brane. The BBMVs were not an ideal model membrane for partition analysis 
due to the low stability of the membrane. 

Effects of electrostatic interactions on drug partitioning 
A natural cell membrane carries charges from phospholipid headgroups, 
from fatty acids and from amino acids on the surfaces of membrane proteins. 
Drugs can interact electrostatically with those charges, which might affect 
the partitioning and, hence, the fluxes of the drugs. A large fraction (63%) of 
all drugs are ionizable, where 14% are acids, 68% are bases and 18% are 
ampholytes (Comer & Tam 2001). To further characterize drug–membrane 
interactions, the effects of electrostatic interactions between drugs and natu-
ral or artificial membrane components were investigated. 
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Liposomes supplemented with detergent ions affected the drug partition-
ing electrostatically due to altered properties of the membrane (Papers III–
IV). The log Ks values increased greatly for negative drugs and decreased for 
positive drugs with increasing concentration of dodecyltrimethylammonium 
bromide (DTAB) in the buffer (Paper III). The opposite was seen with so-
dium dodecylsulfate (SDS) (Papers III–IV). The neutral detergent, octa-
ethyleneglycol monododecyl ether (C12E8), used as control, had essentially 
no effect on the drug partitioning (Paper III). The effects on Ks from the 
charged detergents were enhanced at lowered ionic strength. The electro-
static interactions between drug and DTAB- or SDS-supplemented lipo-
somes could be used as a separation parameter (Paper III). 

Insertion of PS or DSTAP (Paper IV) into liposomes affected the drug 
partitioning electrostatically, in line with results on PS/PC liposomes (Lun-
dahl & Beigi 1997, Beigi et al. 1998, Liu et al. 2001c, Österberg et al.
2001), PS/PE/PC liposomes (Liu et al. 2002), PI/PC liposomes (Krämer et 
al. 1998), phosphatidic acid/PC liposomes (Ottiger & Wunderli-Allenspach 
1997, Deo et al. 2004) and glutaryl-PE, PS or phosphatidic acid bilayers 
(Abdiche & Myszka 2004). However, changed Ks values for neutral drug on 
DSTAP/PC and PS/EPL liposomes indicated a contribution of non-
electrostatic effects (Paper IV), similarly as on GLUT1 proteoliposomes 
(Paper I). Altered membrane packing might cause the non-electrostatic ef-
fect.

The addition of the positive lipid DSTAP to liposomes changed the reten-
tion of a TC-oligonucleotide (Paper IV). At low amounts of DSTAP the 
oligonucleotide eluted before chromate (V0) as expected, since binding is 
weak above the PC transition temperature for oligonucleotides with a large 
pyrimidine content (Lu & Rhodes 2002). With more than 20 mol% DSTAP 
in the liposomal bilayers the oligonucleotide was retained in the column. The 
multiply negative oligonucleotide was attracted to the positive groups on 
DSTAP in the bilayer, which probably enabled reversible multipoint inter-
actions (Garcia-Chaumont et al. 2000, Lu & Rhodes 2002). Moreover, satu-
ration effects were observed when the oligonucleotide concentration was 
increased, similarly as in (Akhtar et al. 1991, Lu & Rhodes 2002). Both re-
pulsion between the charged oligonucleotide molecules and sterical crowd-
ing effects, due to the large size of the oligonucleotide (Table 1), probably 
caused the effect. These results are important in the future work on develop-
ing a good liposomal delivery system for oligonucleotides. 

The charged drugs interacted electrostatically also with the brush border 
membranes (Paper II) and with the unilamellar liposomes and bilayer disks 
containing PEG-PE (Paper V). The coupling between PEG and the 
headgroup of PE introduce a net negative charge of the phospholipid, which 
gave a small contribution of electrostatic effects (Paper V). However, the 
different Ks values of the drugs between the different membrane structures 
were not only due to electrostatic effects (see below). Control experiments 
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with unilamellar PC liposomes with and without PEG showed only small 
differences in the Ks values for the charged drugs between the two model 
membranes (Paper V). 

GLUT1 and bR (Paper I) affected the partitioning of charged drugs 
mainly electrostatically (Fig. 8), according to the net charges of the proteins 
(bR: –3 per monomer, GLUT1: +6 per monomer). The protein effect in-
creased linearly with increasing bR amount. Charged drugs were less af-
fected by bR at increased ionic strength, which indicates that the interactions 
with the protein charges take place close to the aqueous phase (Fig 10A). 
Results obtained by ion exchange chromatography showed that drugs are 
essentially not affected by electrostatic interactions unless hydrophobic in-
teractions are available (Paper I). When both electrostatic interactions and 
hydrophobic interactions are at hand, the interaction energies are additive 
(Eq. 3) and the contribution to the partition coefficient is multiplied. As a 
consequence, the combined effect can result in strong chromatographic re-
tention even when no effect is observed from a single parameter. The inter-
actions between charges on proteins and charged drugs probably take place 
in a region where the drugs are in contact with hydrophobic parts of the lipid 
bilayer (Fig. 10A). Nevertheless, larger responses were observed on glutaryl-
PE bilayers than on PS, PC or phosphatidic acid bilayers (Abdiche & 
Myszka 2004), although this charge presumably is situated furthest out from 
the hydrophobic region of the bilayer. 

Figure 10. Schematic illustration of the distribution of charged drugs within a mem-
brane. (A) The interaction between positive drugs and negative charges on a trans-
membrane protein and (B) the interaction between charged drugs and the negative 
phosphate group or the positive amino group in the headgroup of a phospholipid, 
e.g., PE or PC.  
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Electrostatic effects were also observed on drug partitioning into pure PC 
and EPL liposomes at low ionic strength (Paper III). EPLs contain PC 
(70%), PE (21%) and small amounts of lysophospholipids, cholesterol and 
other components (Yang & Lundahl 1994). The different partition patterns 
into PC and EPL bilayers might be explained by dissimilar interactions with 
the zwitterionic headgroups, where the charged amino group in PE is less 
shielded than in PC (Paper III). The use of smaller counterions (Li+ instead 
of Na+ and F- instead of Cl-) enhanced the partitioning of the oppositely 
charged drugs. The small counterions presumably entered the membrane 
deeper and thereby gave larger effects on the partitioning, since more hydro-
phobic interactions then were available for the drug (Paper III). 

A comparison of Ks values obtained on EPL liposomes with octanol-water 
partition data revealed three separate linear relationships depending on drug 
charge, where neutral drugs partitioned the most into the membrane, fol-
lowed by positive drugs and negative drugs, for drugs with similar structures 
(Österberg et al. 2001). The difference in the partition behavior for charged 
drugs might be explained by dissimilar interactions with the phospholipid 
headgroup charges in the bilayer (Österberg et al. 2001, Paper II, Engvall & 
Lundahl 2005). The positive drug is attracted to the phosphate group of the 
phospholipid, which is positioned deeper into the bilayer than the positive 
charges on the headgroup of, e.g., PC, which attracts the negative drug (Fig. 
10B). Also, the different dielectric constants within the membrane affect the 
interactions with charges, where low permittivity enhances electrostatic in-
teractions (Paper II). The position of the ionizable groups in relation to the 
lipophilic moieties of the drug can also influence the interaction with 
charged bilayers (Lundahl & Beigi 1997). 

Effects of membrane structure on drug partitioning 
To investigate whether, and how drug partitioning into model membranes 
with different structure varies, multi- and unilamellar liposomes, and bilayer 
disks were used for drug partition analyses. Drug partitioning into liposomes 
and disks were analyzed by isothermal titration calorimetry and drug parti-
tion chromatography (Paper V). Partition analysis by calorimetry was re-
stricted to the use of only highly aqueous soluble drugs. No partition values 
were obtained on multilamellar liposomes, since the liposomes sedimented 
too rapidly. The three investigated drugs showed small differences in parti-
tioning into unilamellar liposomes and bilayer disks. On the contrary, differ-
ent partition patterns were observed for all drugs on multi- and unilamellar 
liposomes and bilayer disk when analyzed by drug partition chromatography 
(Table 2). Some, but not all, of the effect could be explained by the intro-
duced negative charge from the PEG-PE. The individual partition values of 
the drugs were lowest into multilamellar liposomes and highest into the 
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disks. The largest differences in Ks between the materials were obtained for 
the most hydrophilic drugs. 

Table 2. Average log Ks for positive, negative and neutral drugs and solutes on 
multi- and unilamellar liposomes, and bilayer disks (data from Paper V).

 Multilamellar liposomes Unilamellar liposomes Bilayer disks 

Positive solutes 1.18 1.85 2.27 
Negative solutes 1.57 2.04 2.17 
Neutral solutes 1.43 1.92 2.24 

Upon comparison of drug partitioning into multi- and unilamellar EPL lipo-
somes (Table 3), larger partition values were observed on the unilamellar 
bilayers. The overall differences were smaller than in Paper V (C. Engvall, 
unpublished). 

Table 3. Average log Ks for 40 drugs and solutes on multi- and unilamellar lipo-
somes (C. Engvall, unpublished). 

 Multilamellar liposomesa Unilamellar liposomesa

Positive solutes 1.85 1.97 
Negative solutes 2.16 2.30 
Neutral solutes 2.41 2.52 
a Both the multi- and unilamellar liposomes were sterically immobilized in gel beads without 
freeze-thawing. 

One possible explanation of these results is that only a fraction of all phos-
pholipids are available initially for the drug molecules when partitioning into 
unilamellar and particularly multilamellar liposomes. Not only does the 
amount of phospholipids initially available for interaction affect the drug 
partitioning into different model membranes, but equally important is the 
time given for equilibration between the different phases. Since K is low for 
hydrophilic drugs, P is also low (Eq. 6) and, hence, the flux of drug mole-
cules over the membrane is slow and requires a long time to reach equili-
brium, particularly when using multilamellar liposomes. For hydrophobic 
drugs, K is high, but Caq over the inner membranes is low, and, the flux of 
molecules is slow (Eq. 5). Too large phospholipid amounts (A) will be used 
in the calculations of Ks (Eq. 7), if the drug is not given enough time to 
equilibrate.

Similarly, higher partition values obtained into large unilamellar lipo-
somes compared to multilamellar liposomes can be explained by slow 
equilibration of the drugs into the heterogeneous multilamellar bilayers and 
between the multiple lamellae, and the use of a too large lipid amount in the 
calculation of Ks (Yang et al. 1998, Liu et al. 2001c). Higher partition values 
for several drugs and solutes were also obtained into small unilamellar lipo-
somes than into large unilamellar liposomes, owing to the larger available 
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surface area (Yang et al. 1998, 1999, 2000, Liu et al. 2001c) and into ex-
truded (pore size: 0.4 µm) liposomes compared to multilamellar liposomes 
(Ma et al. 1991b). Freeze-thaw immobilization can give rise to high multi-
lamellarity of the immobilized membranes. This might decrease the retention 
volumes of drugs due to decreased liposome outer surface area and also in-
crease the trailing of peaks, caused by non-equilibrated partitioning into the 
internal bilayers (Beigi et al. 1995). 

Drug absorption predictability by drug partition chromatography 
In order to evaluate the drug absorption predictability by drug partition 
chromatography on different model membranes, data analyzed on EPL lipo-
somes, bR/cholesterol proteoliposomes and BBMVs was compared with 
calculated permeability coefficients (Peff) (Paper I) or Poct data (Paper II). 
Fair correlation was observed only when charged drugs were treated sepa-
rately (Papers I–II). Partition data obtained on the other model membranes 
(Papers III–IV) showed similar correlations with Poct.

Previously, drug partition data obtained on immobilized model mem-
branes has been compared with octanol-water partitioning (Beigi et al. 1995, 
Yang et al. 1998, Österberg et al. 2001), Caco-2 permeability data (Beigi et 
al. 1995, Lundahl & Beigi 1997, Palm et al. 1998, Österberg et al. 2001) and 
absorption data (fraction absorbed in percent, Fa) (Beigi et al. 1995, 1998, 
Österberg et al. 2001, Liu et al. 2002). The difficulty with such comparisons 
is what kind of data the Ks values should be compared with: Caco-2 cells 
give information on both passive and active transport, the Fa values comprise 
drug metabolism and most of the analyzed drugs in Papers I–V have high Fa
values, and octanol-water partitioning only mimic the hydrophobic part of 
the membrane. Despite those differences, the logarithm of Caco-2 perme-
ability data showed linear correlation with log Ks values (Lundahl & Beigi 
1997, Palm et al. 1998) and octanol-water partition data correlated linearly 
with log Ks values (Beigi et al. 1995, Yang et al. 1998) when positive, nega-
tive and neutral drugs were treated separately (Österberg et al. 2001, Paper 
II). For better predictions of drug absorption, algorithms should be based on 
data on both molecular properties of the compounds together with membrane 
partition (Ks) and Caco-2 permeability data. 
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Conclusions and future aspects 
This thesis describes the importance of using natural model membranes with 
appropriate membrane structure in drug partition analysis and how different 
membrane components affect such partitioning. 

Electrostatic interactions affected the partitioning of charged drugs into 
all of the model membranes used: proteoliposomes with GLUT1 or bR (Pa-
per I); BBMVs (Paper II), liposomes containing charged detergent (Papers 
III–IV), lipid or phospholipid (Papers IV–V); and bilayer disks (Paper V). 
Electrostatic effects were also observed on the retention of an oligonucleo-
tide (Paper IV). Biological membranes naturally carry charges from amino 
acids and phospholipids that will interact with charged drugs and affect their 
membrane partitioning.

The proteoliposomes (Paper I) and BBMVs (Paper II) demonstrated how 
cholesterol and transmembrane proteins interact with drug molecules and 
thereby affect the drug partitioning. Such interactions will affect the parti-
tioning of drugs into the intestinal brush border membrane and other cell 
membranes in the human body. 

A comparison of partition data obtained on bilayer disks with data on 
multi- and unilamellar liposomes indicated that the structure of the lipid 
aggregate might affect the measured value of Ks (Paper V). The most accu-
rate partition values might be obtained on bilayer disks. 

BBMVs were thought to be the ideal model membrane for analysis of 
drug–membrane interactions to obtain data for prediction of drug absorption, 
since the brush border membrane is the first membrane an orally adminis-
tered drug has to pass. Unfortunately, the BBMVs showed low stability, 
which complicated the use of the membrane and the interpretation of the 
data. Other natural model membranes with better stability need to be deve-
loped for drug partition analysis. At this moment, work is in progress on 
preparing bilayer disks containing GLUT1 (S. Zuo et al., unpublished), bi-
layer disks with lipids extracted from BBMVs (E. Johansson et al., unpub-
lished) and bilayer disks with uncharged PEG-phospholipid coupling (E. 
Johansson et al., unpublished). 

In conclusion, both electrostatic and hydrophobic interactions contribute 
to the partition data obtained by drug partition chromatography on model 
membranes. Such partition data should allow one to predict absorption more 
accurately than do octanol-water data, and should therefore be used when 
deriving algorithms or computer programs for absorption predictions, to-
gether with permeability data and the molecular properties of the compound. 
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Summary in Swedish 

Läkemedelsfördelning in i naturliga och artificiella 
membran 
Introduktion
Människokroppen är uppbyggd av miljontals celler. Varje cell omsluts av ett 
cellmembran vilket fungerar som en barriär mellan cellen och dess omgiv-
ning och är aktivt i cellsignalering, transport över membranet och andra bio-
kemiska reaktioner. Membranet är uppbyggt av fosfolipider, proteiner och 
kolesterol. Fosfolipiderna bildar ett dubbellager där deras hydrofoba fettsy-
rekedjor bildar membranets feta insida och deras hydrofila huvudgrupper är i 
kontakt med vätskemiljön på in- och utsidan av membranet. 

För att ett läkemedel ska få effekt i kroppen måste det efter oralt intag ta 
sig över tarmcellernas membran. Läkemedel kan antingen ta sig över mem-
branet passivt genom att fördela sig in i membranet (Fig. 1A), diffundera 
över membranet (Fig. 1B) och sedan fördela sig ut ur membranet (Fig. 1A), 
eller med hjälp från proteiner (Fig. 1C). 

Många experimentella metoder för att undersöka läkemedelsfördelning in 
i cellmembran använder olika modellmembran för sina analyser. En vanlig 
modell för ett cellmembran är liposomen (Fig. 2), som precis som ett natur-
ligt membran är uppbyggd av ett dubbellager av fosfolipider (Fig. 3A) med 
en vätskefas innanför membranet. Liposomer kan vara uppbyggda av endast 
ett dubbellager med fosfolipider (unilamellär) eller av flera dubbellager in-
nanför varandra med vätska mellan varje lager (multilamellär). Membran-
proteiner kan sättas in i fosfolipid-dubbellagret (Fig. 3B), vilket ger proteoli-
posomer. Man kan även använda olika lipidsammansättningar, t.ex. laddade 
(fosfo)lipider och olika mängder kolesterol, för att så långt som möjligt ef-
terlikna ett naturligt cellmembran. Membranvesiklar bildas när delar av det 
naturliga cellmembranet återsluts efter att man renat bort inre celldelar. Ett 
nyutvecklat modellmembran är membrandisken (Fig. 3D). Den är uppbyggd 
av fosfolipider och kolesterol och bildar ett dubbellager utan att innesluta 
någon vätskefas. 

Det finns många metoder för att undersöka läkemedelsfördelning och lä-
kemedelstransport över cellmembran. Den först utvecklade metoden be-
stämmer fördelningen av läkemedel mellan vatten och det organiska lös-
ningsmedlet oktanol. Nackdelen med denna metod är att man enbart mäter 
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hydrofoba interaktioner och inga laddningsinteraktioner. Andra metoder 
mäter fördelning in i liposomer eller andra modellmembran med hjälp av 
kromatografi (se nedan) eller transporthastigheten över ett lager med humana 
tjocktarmscancerceller (Caco-2-celler). Det finns även datorprogram som 
försöker förutsäga absorptionsegenskaper hos läkemedelskandidater utifrån 
molekylens struktur. 

Min forskning 
Min avhandling handlar om läkemedelsfördelning in i olika modellmembran 
och faktorer som påverkar denna fördelning. Syftena var att utveckla mer 
naturliga modellmembran för läkemedelsfördelningsstudier och att studera 
effekten av olika membrankomponenter på läkemedelsfördelningen. För 
detta användes liposomer med kolesterol och membranproteiner (Artikel I), 
membranvesiklar från tunntarmsceller från gris (Artikel II) (Fig. 4), neutrala 
och laddade liposomer framställda av naturliga och syntetiska (fosfo)lipider 
(Artiklar III–V) och membrandiskar (Artikel V). 

Metod
Metoden jag använt för undersökning av läkemedelsfördelning in i cellmem-
bran kallas immobiliserad-liposom kromatografi (ILC) eller läkemedelsför-
delningskromatografi (Fig. 6). Kromatografi innebär att man separerar äm-
nen med avseende på storlek, laddning eller specifika interaktioner, men jag 
har istället använt kromatografi för att undersöka interaktioner. De olika 
modellmembranen har satts fast i gelkulor (Fig. 5) som sedan packats i en 
kolonn. Genom kolonnen kommer ett jämnt flöde av vätska att pumpas. Lä-
kemedelssubstanser lösta i buffert har applicerats på kolonnen och volymen 
som krävs för varje läkemedel att komma ut registreras (Fig. 7). Denna vo-
lym används till att räkna ut en kapacitetsfaktor (Ks) för just det läkemedlets 
fördelning in i det specifika modellmembranet, genom att dividera volymen 
med mängden fosfolipid i kolonnen (Ekv. 7). Dessa värden har sedan jäm-
förts för de olika drogerna på samma modellmembran och mellan de olika 
modellerna samt med data från andra metoder som mäter fördel-
ning/transport. 

Resultat och diskussion 
Användningen av proteoliposomer och tarmmembranvesiklar i läkemedels-
fördelningskromatografi visade att membranproteiner och kolesterol in-
teragerar med läkemedel när läkemedelsmolekylerna fördelar sig in i/ut ur 
membranet (Artiklar I–II). Kolesterol gav minskad fördelning av alla läke-
medel in i membranet (Fig. 8) genom påverkan på membranpackningen (Ar-
tikel I). Membranproteinerna GLUT1 (glukostransportör i humana röda 
blodkroppar) och bakterierodopsin (protonpump i bakterien Halobacterium
halobium) påverkade fördelningen främst elektrostatiskt, men proteoliposo-



39

merna med GLUT1 gav även en icke-elektrostatisk effekt (Artikel I) (Fig. 8). 
Interaktioner med proteiner och kolesterol kommer att påverka läkemedels-
fördelningen i cellmembran i kroppen. 

Tarmmembranvesiklarna (Artikel II) och liposomer gjorda av vesikel-
lipider gav minskade Ks över tid för positivt laddade och neutrala läkemedel 
(Fig. 9). Detta tyder på dålig stabilitet hos membranet, där negativt laddade 
lipider verkade försvinna från kolonnen. De negativt laddade lipiderna är fria 
fettsyror och två olika sorter av fosfolipider. Fosfolipiderna med sina två 
fettsyrakedjor har mindre tendens att lämna membranet än en fri fettsyra. 
Dessutom visade analys att åtminstone en av fosfolipiderna inte lämnade 
membranet i någon större grad. Kontrollförsök med liposomer med en fri 
fettsyra i membranet visade inga förändrade Ks-värden över tid för de läke-
medel som analyserades, men fettsyrorna i tarmmembranet kan ha kortare 
kolkedjor. En annan möjlig förklaring kan vara snabb hydrolys av negativt 
laddade fosfolipider. 

Även modellmembranens strukturella uppbyggnad påverkade läkemedels-
fördelningen (Artikel V). Ks var lägst vid användning av multilamellära lipo-
somer, högre i unilamellära liposomer och högst i membrandiskar. En för-
klaring till dessa skillnader kan vara att i unilamellära och framförallt multi-
lamellära liposomer är inte alla lipider tillgängliga initialt för läkemedlen, 
vilket påverkar vid beräkningen av Ks (Ekv. 7). Det är även viktigt att till-
räckligt med tid ges för jämviktning in i membranet, speciellt för multila-
mellära liposomer, annars kan även detta ge en påverkan på Ks.

Elektrostatiska effekter från interaktioner mellan laddade läkemedel och 
membrankomponenter observerades vid användning av liposomer med lad-
dade detergenter (Artikel III) eller (fosfo)lipider (Artikel IV). Även i Artikel 
V observerades elektrostatiska interaktioner, orsakade av den negativa ladd-
ningen på polyetylenglykol-fosfolipiden. Möjligheten till elektrostatiska 
interaktioner påverkade retentionen av en oligonukleotid (Artikel IV). Oli-
gonukleotiden band reversibelt och mättnadsbart till positivt laddade lipo-
somer, antagligen via flerpunktsinteraktioner. Biologiska membran är natur-
ligt laddade och elektrostatiska interaktioner kommer därmed att påverka 
fördelningen av laddade läkemedel. 

Slutsatser
Denna avhandling visar hur viktiga elektrostatiska interaktioner är mellan 
läkemedel och laddningar på olika membrankomponenter vid fördelningen 
av läkemedel in i naturliga membran. Vid beräkning av fördelningsdata bör 
man ta hänsyn till modellmembranets strukturella uppbyggnad. 

Eftersom hänsyn tas till både hydrofoba och elektrostatiska interaktioner 
borde fördelningsdata bestämda med läkemedelsfördelningskromatografi ge 
bättre förutsägelse av absorption än oktanol-vatten fördelning gör. 
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