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Populärvetenskaplig 
sammanfattning 

Allt levande består av celler. Cellen är livets allra minsta byggsten. Cellen har 
ett hölje som kallas cellmembran. Detta membran skiljer cellens inre som 
kallas cytosol från omvärlden. I detta cellmembran sitter olika protein 
inbäddade. Genom dessa protein kommunicerar och utbyter cellen ämnen 
med sin omgivning. Många av dessa protein är mål för läkemedel och är därför 
viktiga att studera. Det är inte alltid så lätt att studera dessa membranproteiner 
när de sitter i cellmembranet eftersom andra intilliggande protein kan påverka 
mätningarna. Jag har utvecklat en ny metod för att sätta in membranprotein 
och då speciellt membranprotein som transporterar protoner eller vätejoner 
över cellmembran. Dessa protontransportörer är ofta med i olika 
sjukdomsbilder var av en är cancer. Vi har systematiskt och noga utrett 
förutsättningarna för att lyckas med dessa mätningar och har bland annat 
utvärderat nya färger som man kan använda för att mäta pH inuti dessa 
konstgjorda cellskal eller liposomer. 
 
Vi har använt allt detta till att sätta in en protonkanal från ett influensavirus 
(från samma typ av virus som svininfluensaviruset) i liposomer och undersökt 
hur de fungerar. Detta protein är nödvändigt för att viruset ska kunna 
infektera sin värd och om man kan stoppa proteinets funktion kan virusets 
smitta förhindras. Om man kan hitta en medicin som gör just detta så skulle 
man inte längre enbart vare hänvisad till vaccination för att skydda sig mot 
influensan. Jag har mätt hur fort protoner flödar genom kanalen och mätt hur 
väl vissa droger bromsar eller helt stoppar transporten genom proteinet. Jag 
har upptäck att denna kanal inte bara transporterar protoner utan även andra 
joner som kaliumjoner och natriumjoner. Detta gör att man nu har en bättre 
förståelse för hur influensaviruset smittar. 
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1. Introduction 

The cell is the basic functional unit of life. It was discovered by Robert Hooke, 
who presented it in his 1665 book Micrographia (1), where he among many 
other things depicted the structure of cork (Figure 1). He named the smallest 
units he could see cells, for their likeness to monk quarters. Modern cell theory 
is credited to Schwann, Schleiden and Virchow, who published it in the mid 
19th century (2). It defines the cell as the smallest unit of life classified as a 
living thing, and states that all cells come from pre-existing cells. Some 
organisms, such as bacteria, consist 
of a single cell. Other organisms 
are multicellular, where different 
cells may specialize in performing 
different tasks. We know today 
that all cells consist of three main 
molecular components: nucleic 
acids, phospholipids, and amino 
acids.  

 
Deoxyribonucleic acid (DNA) is a 
nucleic acid that contains the 
genetic instructions used for 
construction and progression in all 
known living organisms and some 
viruses. The main role of DNA is 
long-term storage of information. 
DNA is often compared to a set of 
blueprints, since it contains the 
instructions needed to construct 
other key components of the cell, such as proteins. The DNA molecules or 

Figure 1. Cork slices by Hooke. 
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chromosomes are logically divided into functional segments called genes. Large 
parts of the chromosomes do not code for proteins, and we have limited 
knowledge about the purpose of these segments. Nucleic acids fall outside the 
scope of this book and will not be elucidated further. 

 
Phospholipids are a class of lipids that serve to separate the compartments of 
the cell. Phospholipids are amphiphilic, with a hydrophilic head and two 
hydrophobic tails. The hydrophobic part is often constituted by a diglyceride, 
and the polar headgroup by a phosphate group and a simple organic molecule 
such as choline. When phospholipids are exposed to water, they arrange 
themselves into a two-layered sheet, called a bilayer, with their tails pointing 
toward the center of the sheet. The center of this bilayer contains virtually no 
water, and excludes water-soluble molecules. The hydrophobic effect drives 
this assembly process. This type of membrane is partially permeable and 
capable of elastic movement. It has fluid properties, such that embedded 
proteins and phospholipid molecules are able to move laterally in the bilayer. 
The fluid-mosaic model (3) describes the membrane as a mosaic of lipid 
molecules that act as a solvent for all the substances and proteins within it, 
allowing proteins and lipid molecules to diffuse laterally through the lipid 
matrix and migrate over the membrane. Cholesterol contributes to membrane 
fluidity by preventing the packing together of phospholipids. The fluid-mosaic 
model has now been superseded, as studies of lipid polymorphism indicate 
quite complicated behavior of lipids under physiological conditions. Evidence 
is also accumulating that apart from structural importance, phospholipids can 
have activating or regulating effects on membrane-associated proteins - effects 
that can be both specific and crucial. 
 
A membrane transport protein (or transporter) is a protein involved in the 
movement of ions, small molecules, or macromolecules across a membrane. 
Transporters are integral membrane proteins, which span the membrane across 
which they transport substances. The proteins may assist in the movement of 
substances by facilitated diffusion or active transport. The mechanism of 
action of these proteins is known as carrier-mediated transport (see Figure 2). 
A good example of transporters performing facilitated diffusion is ion 
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channels. Ion channels can be highly selective and are capable of very high 
transport rates. A typical characteristic of a passive transporter is that it can 
assume an open or a closed state, determined either by ligand binding or by 
voltage. Active transporters can be divided into primary and secondary 
transporters. Primary transporters, or pumps, transport ions or molecules 
against a concentration gradient using chemical energy, for example by ATP 
hydrolysis.  
 
 

 

Secondary transporters are symporters or antiporters, which utilize a 
concentration gradient of one species to transport another species against its 
gradient. Secondary transporters typically depend on the concentration 
gradients created by primary transporters; for instance, the proton 
concentration gradient maintained by the pump ATPase can be utilized by 
secondary transporters to move nutrients and other solutes across the 
membrane. Both pumps and secondary transporters normally have much 
lower transport rates than ion channels. Proton translocators are an important 
group of transporters. There are examples of proton translocators in all 
categories of pumps and channels mentioned above.  
 

Figure 2.  Cartoon of facilitated-diffusion transporters. 
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The proton gradient – a difference in hydrogen ion concentration inside and 
outside a closed membrane compartment – plays a pivotal role in biology. In 
photosynthesis, light energy is trapped by a series of large membrane-protein 
complexes, which convert the energy to a proton gradient. In respiration, 
energy from metabolized carbohydrates is similarly captured in a proton 
gradient. Proton-translocating membrane proteins are also implicated in 
various diseases. Peptic diseases are treated with proton-pump inhibitors. 
Importantly, abnormal proton distribution between organelles, the cytoplasm 
and the extracellular matrix has emerged as a common feature of cancer tumor 
tissues (4, 5). An overly acidic extracellular pH prevents many drugs (weak 
bases at physiological pH) from entering the cells, and in drug-resistant cell 
lines, the drugs that do penetrate the cell wall accumulate in abnormally 
acidified organelles rather than entering the nucleus. Several antiviral drugs 
target the Influenza A virus M2 proton transporter, which is pivotal for viral 
propagation(6). 
 
These proteins thus drive a number of fundamentally important biological 
processes, and unraveling their proton-translocating mechanisms is important 
for understanding the world we live in as well as developing therapeutic agents 
against a range of maladies. 
 
An important step in investigating proton transporters is to establish the rate 
and stoichiometry of protein-mediated proton transport. In the native 
membrane, several proton-conducting mechanisms work in concert - some 
known and some putative - and it is difficult to monitor the activity of one 
specific type of protein. By removing a proton translocator from its native 
membrane, purifying it and reconstituting it into liposomes, it can be 
characterized in a well-defined environment without bias from other proteins. 
However, this procedure can be quite challenging. In this text and Paper IV, I 
address a number of determinant aspects in the protein reconstitution 
procedure, aiming to present a comprehensive picture of the proteoliposome 
assembly process.  
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less than a covalent bond length. Therefore, the most important requirement 
for proton transfer is proximity, whether the mechanism is non-adiabatic or 
adiabatic.  
 

Proton transfer in water 

The electrostatic binding energy of the proton is so large that it has no 
independent existence in condensed phases. In water, it is generally considered 
to be present as hydronium, H3O

+, which is similar to Na+ in size and solvation 
characteristics. It can therefore be expected to exhibit diffusive properties 
similar to Na+ or perhaps water. However, the rapid exchange of H+ between 
H3O

+ and H2O allows for a unique transport process known as the Grotthuss 
mechanism, in which net protonic charge is transferred without diffusive 
movement of individual H+ or oxygen atoms (see Figure 3). 
 
 

 

The current view of the Grotthuss mechanism in bulk water is that proton 
transfer occurs in a step-wise manner, via the interconversion of an Eigen 
cation, H9O4

+ = (H2O)3H3O
+, and a Zundel cation, H5O2

+ = H2O–H+–OH2. 
The activation energy of this conversion reflects the breakage of a hydrogen 
bond in the second solvation shell of the Eigen cation (between H9O4

+ and 
another H2O; approximately 2.5 kcal/mol). This allows reorganization around 
the hydronium ion to produce the Zundel ion configuration, within which the 
excess proton is shared equally between two oxygen centers. Reformation of a 
hydrogen bond with another water molecule localizes the excess proton on a 
new Eigen ion. By repeating this step of shifting a covalent bond with a 
hydrogen bond, an effective proton charge can traverse a chain of water 
molecules very fast, circumventing the limitation of the related diffusion 
coefficients of Na+ or H2O.  The resulting proton diffusion coefficient of 0.93 

Figure 3.  Schematic of the Grotthuss mechanism. 
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Å2 ps-1 is seven times faster than that for Na+ and four times faster than that for 
H2O. The difference between proton and water diffusion is even more 
pronounced in single-file water channels, where the water diffusion is reduced 
by a factor of ten while the proton diffusion stays the same, resulting in 40 
times difference in diffusion rates. 

 
Proton transfer in protein channels 

The interior of a protein is generally hydrophobic, and moving a proton 
through it would incur a large energetic penalty. To avoid this, proton-
translocating proteins have evolved specific proton-transfer pathways. These 
pathways are essentially proton wires, consisting of hydrogen-bonded chains 
through the hydrophobic interior of the protein. Common pathways contain 
single-file water and stationary water molecules connecting the bulk water on 
each side of the membrane, enabling the Grotthuss mechanism described 
above to catalyze rapid proton transfer. Hydrophilic amino acids typically line 
such water-filled pores, and hydrogen-bonding amino-acid side chains are 
commonly a part of the proton-transfer pathway. These side chains can 
provide ion selectivity by size-specific dehydration, and active transport is 
often effectuated by conformational changes of the protein influencing the 
hydrogen-bonding network in the proton pathway. The poster child of the 
Grotthuss mechanism is gramicidin, which transfers alkali metals at the 
diffusion rate of water but transfers protons about 20 times faster through a 
single-file water pore (9-13). In aquaporins we see an example of the rate-
limiting effect of hydrogen-bonding amino acids interfering with the water 
wire through the protein: A polarity shift in the chain of waters appears to 
obstruct Grotthus-type proton conduction. In combination with desolvation 
penalties and a positive charge in the center of the channel, this allows 
aquaporins to transfer water without releasing proton gradients (14-16).  
 
The most common methods for monitoring proton translocation are single-
current patch-clamp measurements in vivo or methods related to purified 
proton-translocators reconstituted into proteoliposomes. 
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Proteoliposomes 
The complexity of most biological membranes makes it difficult to study 
individual membrane proteins in situ. Therefore, such proteins are usually 
purified from the native membrane for analysis, e.g. by solubilization. In order 
to monitor transport from one compartment to another and the build-up of 
concentration gradients, however, compartmentalization is necessary. This can 
be achieved away from the native system by reconstituting the purified 
membrane protein into an artificial lipid bilayer forming a closed vesicle, or 
liposome. 
 
Methods for producing high-quality proteoliposomes have not advanced in 
step with other biochemical, biophysical, and molecular-biology techniques. A 
key obstacle is the lack of reproducible methods of protein reconstitution. 
 
Four main strategies have been used for reconstitution of membrane proteins 
into liposomes: sonication, freeze-thawing, organic solvents, and detergents. 
Methods including organic solvents are rarely used as these solvents often have 
a denaturing effect on the proteins. Sonication and freeze-thawing are widely 
used in the literature, but have a major drawback in that they facilitate a very 
abrupt reformation of the lipid bilayers. This gives very limited influence over 
the morphology of the resulting vesicles, and heterogenous populations are 
likely to appear. Sonication produces heat that can damage protein close to the 
sonication horn, and freeze-thawing imposes strain on protruding protein 
domains and is prone to produce a quite large fraction of multilamellar vesicles 
(see Figure 1b, Paper IV). 
 
The most promising strategy of proteoliposome formation is by detergent 
solubilization followed by gradual detergent removal. This method is very 
gentle to the protein, and the morphology and homogeneity of the 
proteoliposomes can be adjusted by using different detergents and by varying 
the degree of solubilization and the rate of detergent removal. There are several 
ways of lowering the detergent concentration to allow vesicle formation, but 
the only two of importance today are dialysis and hydrophobic beads. When 
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applicable, the hydrophobic-bead method (17) provides a much wider field of 
opportunities regarding control of vesicle morphology and choice of detergent. 
It is the method of choice for the work presented in this thesis. 
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2. Molecular pH Probes 

Advanced molecular sensors is a rapidly developing area of research (18), and 
proton nanosensors attract special interest because of their applicability in 
monitoring proton concentration gradients across membranes. A good pH 
sensor provides the opportunity to monitor proton transfer across a lipid 
bilayer from the inside of the liposome. Compared to monitoring bulk pH 
with an electrode, this gives adequate time resolution, high precision, and a 
greater sensitivity to proton movement since the internal volume is much 
smaller than the bulk. 
 
An ideal pH-probe would have the following characteristics. 
1) It would display a spectroscopic signal with a significant spectral shift 
correlating to variations in pH, with high molar extinction coefficients in both 
protonated and non-protonated forms. 
2) The emission quantum yields of both protonated and non-protonated 
forms would be high enough to allow ratiometric pH detection. 
3) It would have a useful pK value: According the Henderson-Hasselbalch 
equation, the typical probe spans a pH-range of about two pH-units centered 
on the pK. For biological applications, a pK around 7 is the most useful. 
4) It would report on a process without interfering with or influencing it in 
any way, including: 
5) Complete membrane impermeability, ensuring reliable localization of the 
probe as well as avoiding all interactions with the membrane that may affect 
the measurement, 
6) High water-solubility and no tendency to aggregate or form complexes with 
biological macrostructures, and  
7) A robustness of probe behavior with respect to external factors: no pK drift 
due to varying ionic strength, no inhibition from assay compounds or 
incompatibilities with the proteoliposome production, such as interactions 
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with detergents or hydrophobic beads. 
8)  Lastly, the ideal probe would report on the encapsulated liposome volume, 
for reliable conversion of pH to amount of protons. 
 
To overcome the divergence of the probe properties from ideality, a reliable 
calibration procedure of the final probe/proteoliposome system in situ is 
desirable.  For a method with the ambition of producing quantitative proton-
transfer data, such calibration is vital. 

Commercially available pH-probes  
Several commercially available colorimetric pH and membrane potential 
indicators are presented in Table 1 of Paper II. Many of these probes, can 
permeate lipid membranes. Membrane-permeable pH-sensitive dyes, such as 
Neutral red (19), have been used to monitor intravesicular pH changes by 
using a weak buffering solution on the inside of the vesicle and a strong buffer 
in the bulk (20). Although Neutral red diffuses freely in and out of the vesicle, 
the difference in buffering strength ensures that any detected spectral changes 
result from a pH change inside the vesicles. However, a probe that diffuses 
through the membrane is likely to alter the membrane properties. Indeed, 
Neutral red has been reported to show significant protonophore activity, 
facilitating proton transfer across the membrane (21). A permeable probe may 
also accumulate on one side of the membrane as the pH changes. In addition, 
the difference in buffer strength required for these experiments obstructs 
quantification of proton movements. Phenol red (22) is less likely to diffuse 
across the membrane, but displays a relatively weak spectroscopic signal, 
making it less suitable for intravesicular pH determination. A combination of 
experiments using membrane-permeable Neutral red and membrane-
impermeable Phenol red has resulted in estimated pumping stoichiometries of 
2H+/e- for respiratory Complex I in submitochondrial particles (23, 24) and 
3.6H+/2e- for Complex I reconstituted in liposomes (20). The semi-
naphthofluorescein chromophore SNARF (25) also monitors pH and does not 
diffuse significantly through lipid bilayers. It was, however, shown to bind to 
the membrane surface of large and small unilamellar vesicles (LUVs and 
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therefore highly conjugated systems, and as a consequence, they have very high 
extinction coefficients in the visible region and are deeply colored.  
 
Two imine nitrogens of a free-base porphyrin (H2P) are protonatable, forming 
porphyrin monocations (H3P

+) and dications (H4P
2+). The dication H4P

2+ can 
be viewed as a Brønsted acid, characterized by two ionization constants K1 and 
K2 (see Scheme 1, Paper II). Porphyrin protonation is accompanied by distinct 
changes in the optical spectrum:  Figure 2A in Paper II shows a significant red 
shift of the Soret bands upon double protonation. The protonation state of a 
porphyrin can thus be followed spectroscopically (see Fig. 2B, Paper II). For 
the majority of porphyrins, constants K1 and K2 are indistinguishably close, 
and the monocation H3P

+ is an elusive species whose concentration is 
extremely low at all proton concentrations [38]. In the normal case these 
molecules also emit fluorescence with a high quantum yield. 
 
The high extinction coefficients and high quantum yields in combination with 
the distinct spectral change correlated to pH makes these molecules interesting 
candidates for colorimetric pH-probes. However, other aspects of porphyrin 
chemistry render them less suitable. In order to protonate the free base, two 
protons have to be attached to the two imine nitrogens in the inner ring of the 
molecule. To fit two extra positive charges in this confined area is not 
favorable, and the pK of the porphyrin is normally quite low, well out of 
physiologically interesting areas. Furthermore, porphyrins are highly 
hydrophobic and virtually insoluble in aqueous buffers.  
 
Fortunately, these characteristics can be modified by attaching different 
substituents to the porphyrin molecule.  

Porphyrin core tuning 
A porphyrin can be modified in different ways to raise its pK into a regime 
that is useful for biological measurements, i.e. making the protonation of the 
free base more favorable.  
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Probe Glu3 

The pH-sensitive, fluorescent nanoprobe Glu3, shown in Figure 1 of Paper II, 
consists of a tetraarylporphyrin core with generation 3, poly-glutamatic 
dendrites attached to the aryl groups. The dendrites have multiple carboxylate 
termini that ensure high water solubility and prevent diffusion across 
phospholipid membranes. The presence of 32 terminal negative charges  
stabilizes the dicationic species and brings the apparent pK of the dye up to a 
range useful for biological experiments. A concern about porphyrins with the 
protonated state stabilized by a charged cage is its sensitivity to ionic strength: 
The salt concentration of the buffer may affect the probe pK. In Paper II we 
address this by making pH-titrations of Glu3 in buffers containing different 
concentrations of monovalent (K+ and Na+) and divalent ions (Mg2+). For this 
purpose, we have developed the automated titration system Maxwell, 
described below. 
 
The pK of Glu3 was indeed found to vary with cation concentrations, with 
higher ionic strength lowering the pK (see Figure 4, Paper II). This effect is 
much more pronounced in the case of Mg2+. The salt effect is reproducible and 
stable, and can thus be taken into account. It even provides a means by which 
to fine-tune the probe toward a desired pK. By selecting the appropriate ionic 
environment for Glu3, it can be used with good resolution from pH 4.5 to pH 
7.5. However, caution must be taken in experiments where intravesicular ion 
concentrations are expected to vary, such as when investigating K+/H+ 
antiporters. To avoid pK variations with varying ionic strength, a relatively 
high salt concentration can be used. At 100 mM K+, Glu3 pK variation with 
ion concentration is moderate (see Figure 4, Paper II), and small ion flows 
across the bilayer are negligible compared to the total salt concentration. 
Conversely, used at high buffer strength and low ionic strength, Glu3 may be 
indicative of other ion flows. 
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During these titrations it was 
found that the free-base 
porphyrin dyes are very 
sensitive to exposure to Zn2+ 
and Cu2+, which are 
spontaneously and irreversibly 
incorporated into the 
porphyrin core. Even 
nanomolar concentrations of 
these metal ions will inhibit 
the probe, resulting in zinc- 
and cupper-porphyrin spectra 
(see Figure 4). This problem is 
avoided by ensuring that alloys 
in syringes and other lab 
equipment are Zn-free, and 
including EDTA in all buffers 
used in porphyrin-probe 
experiments. Fortunately, 

common divalent cations such as Ca2+ or Mg2+ do not form stable complexes 
with porphyrins in aqueous solution and do not affect the measurements. 
 
Glu3 was also tested for compatibility with different detergents and the 
hydrophobic beads used for detergent removal. The probe showed excellent 
compatibility with the beads, as more than 99% of the dye was still in solution 
after incubation for one hour. This was far better than for any of the tested 
commercially available probes (see Table 1, Paper II). 
 
In conclusion, Glu3 comes quite close to the ideal probe called for above. In 
Papers IV and V, its usefulness is demonstrated in a revealing investigation of 
the A/M2 proton channel. There is still some room for improvement: it has a 
slightly low pK for some applications, and is moderately sensitive to ionic 
strength. These issues are addressed in the development of the probe TCHpH, 
described below and in Paper III.  

Figure 4.  Spectra of Glu3 as a free base, as a zinc-
porphyrin and as a cupper-porphyrin. 
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Probe TCHpH 
The pH-sensitive nanoprobe TCHpH, shown in Scheme 1 of Paper III, is 
based on a highly non-planar tetraaryltetracyclohexenoporphyrin core 
modified with eight Newkome-type dendrons and then peripherally 
PEGylated, rendering a neutral, water-soluble probe. The non-planar core 
eliminates the need for electrostatic shielding to move the pK of the probe into 
a physiologically interesting range (31-33). The advantage of avoiding 
electrostatic shielding by terminal charges as for Glu3 is that the pK of the 
probe should be much less sensitive to variations in ionic strength of the 
buffer. This is verified in Paper III. Unlike most tetraarylporphyrins, TCHpH 
exhibits two distinct protonation steps (pKa 7.8 and 6.3). These unexpected 
separable protonation steps result in a much broader pH-range than offered by 
a single-protonation probe (such as Glu3), making TCHpH a very dynamic 
pH sensor with a practical measurement range of at least pH 5–9. 
TCHpH was included into LUVs without any detectable effects on the 
spectral properties. Passive permeability of TCHpH-containing liposomes to 
protons was estimated and found to be in agreement with corresponding 
values for Glu3-containing liposomes. The probe was also tested for 
compatibility with hydrophobic beads. After 90 min incubation with beads, 
89% of the probe was still in solution.  This is not as good as for Glu3, which 
was dissolved to >99%, but still better than for the least adsorbing of the 
commercially available pH dyes,  SNARF-dextran, for which 72% remains in 
solution (see Table 1, Paper II). Only preliminary protein experiments has so 
far been conducted with TCHpH but they look very promising and my guess 
is that this probe will become a future working horse of this lab. 
 

Automatic titrations by Maxwell 
Performing pH-titrations in small volumes is a tedious and error-prone 
venture. To enhance precision and quality (and to unburden the laborant), an 
instrument was constructed for this purpose. The instrument, called Maxwell 
(see Figure 5), combines a UV-vis spectroscopic line with temperature control, 
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magnetic stirring, bulk pH measurement with a micro-combination electrode 
and computer-controlled injection of titrants. Maxwell is controlled by 
software written in LabView, including a user-friendly interface. The desired 
pH range and resolution are specified, after which the instrument administers 
calculated additions of acid or base until the electrode 

 

feedback confirms that the setpoint has been reached. At each setpoint value, 
spectra are collected, a new setpoint is calculated, and the procedure is 
repeated through the entire titration range. In this way a full titration of 

Figure 5.  Maxwell, an automatic titration system. Very useful indeed. 
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approximately 20 pH points can be performed autonomously and without 
human assistance in less than half an hour. 
 
The Maxwell software was further enhanced for monitoring the development 
of intravesicular pH: The Glu3 absorbance spectra are converted in real-time to 
Rfb (see Paper IV) and plotted vs time, enabling real-time experimental 
assessment. 
 
Maxwell produces precise data with minimal error and at minimal cost in time 
and material. For robust analysis of the sometimes vast amounts of data 
procured, a set of procedures have been developed in Igor (Wavemetrics).  
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 3. (Lipids + Detergent) – 
Detergent = Liposomes 

In Paper IV we take on the challenges of predictable liposome assembly and 
membrane-protein reconstitution into proteoliposomes. The method we 
describe and assess is based on pioneering work done in Jean Louis Rigaud’s 
lab, starting more than twenty years ago (17). The method makes use of the 
fact that detergent-solubilized phospholipids form lipid aggregates when the 
solubilizing detergent is removed below its critical micelle concentration 
(CMC). Before Rigaud’s work, detergent removal was mostly done by 
dilution, often in the form of dialysis. Complete detergent removal is 
impossible with any dilution method, and thus these methods exclude 
detergents with low CMC. Residual detergent in the bilayer also promotes 
passive permeability of ions. Rigaud introduced hydrophobic polystyrene 
beads, which adsorb detergent molecules. Using bead-assisted detergent 
removal, a wide selection of detergents can be used, the rate of detergent 
removal can be controlled, and virtually complete detergent removal is 
achieved (17). 

Lipids and preformed vesicles 
One thing I have learned over the years is that the origin and purity of the 
lipids used in liposome production are crucial to the outcome. In Paper II we 
used phosphatidyl choline from egg yolk, of high purity but inherently poorly 
defined. When deposited as film on the walls of a glass vial and sonicated with 
aqueous buffer, this starting material gave SUVs with a diameter of 20-50 nm 
(in accordance with previous reports (39)). Such small vesicles are not optimal 
as starting material for LUV production, and therefore a step of liposome 
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