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We revisited the vesicle-to-micelle transformation in phosphatidylcholine–cholate mixtures paying special
attention to the lipid bilayer curvature effects. For this purpose,we prepared unilamellar vesicleswith different
starting sizes (2rv=45–120 nm). We then studied mixtures of the unilamellar vesicles (1–8 mmol kg–1) and
sodium cholate (0–11.75 mmol kg−1) by static and dynamic light scattering. The transformation generally
comprises at least two, largely parallel phenomena; one increases and the other decreases the average mixed
aggregate size. In our view, cholate first induces bilayer fluctuations that lead to vesicle asphericity, and then to
lipid bilayer poration followed by sealing/reformation (or fusion). The cholate-containing mixed bilayers,
whether in vesicular or open form, project thread-like protrusions with surfactant enriched ends even before
complete bilayer solubilisation. Increasing cholate concentration promotes detachment of such protrusions
(i.e. mixedmicelles formation), in parallel to further softening/destabilising ofmixed amphipat bilayers over a
broad range of concentrations. Vesicles ultimately fragment into mixed thread-like micelles. Higher cholate
relative concentrations yield shorter thread-like mixed micelles. Most noteworthy, the cholate-induced
bilayer fluctuations, the propensity for large aggregate formation, the transformation kinetics, and the cholate
concentration ensuring complete lipid solubilisation all depend on the startingmean vesicle size. The smallest
tested vesicles (2rv=45 nm), with the highest bilayer curvature, require ~30% less cholate for complete
solubilisation than the largest tested vesicles (2rv=120 nm).
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1. Introduction

Bile salts are a special group of physiological detergents, or bio-
surfactants, with a major role in lipid absorption in the intestine. The
chemical structure of bile salts differs from that of typical head–tail
surfactants (e.g. alkyl glucosides, alkyl sulphates, fatty acid poly-
sorbates), which consist of a polar “head” with one or several
hydrophilic groups attached to a separate hydrophobic chain/s, or a
“tail”. In contrast, each bile salt molecule has a rigid steroid core with
one lipophilic, convex surface and one hydrophilic, polyhydroxylated,
concave surface [1] (Fig. 1). The ring system is central in bile salt
interactions with other molecules. The self- and hetero (with various
lipids)-aggregation of bile salts and head–tail surfactants therefore
differ in detail.

Bile salt–lipid interactions are of physiological and fundamental
interest. They are a key to understanding intestinal fat digestion and
absorption [2] and the basis for various applications. In biochemistry,
for example, bile salts are used to isolate membrane proteins and to
reconstitute such proteins into lipid bilayers [3–6]. In pharmaceutics,
bile salts are included into some drug delivery systems, such as mixed
micelles [7] (e.g. Konakion® MM, Valium® MM) or ultradeformable
mixed lipid vesicles [8–16]. The self-assembly, i.e. the homo-
aggregation, of bile salts into micelles and their hetero-aggregation
with other lipids that tend to form bilayers, such as the ubiquitous
phosphatidylcholines, are of physicochemical significance as well.

Phospholipid–bile salt mixtures were extensively investigated for
decades, with a special early focus on lipid/cholesterol solubilisation
and a later focus on vesicle-to-micelle transformation [1–3,5,17–31].
A large body of experimental data was thus collected over the years,
but some important questions remain open. To our knowledge, the
mixed aggregates detailed morphology and molecular composition,
and especially their interrelationship in the transition region, are not
yet fully elucidated. Trying to avoid repetition, we tackle herein these
questions only to the extent necessary to understand the whole
picture. In contrast, we pay full attention to the previously neglected
curvature effects on bilayer solubilisation and on to the comparability
of vesicle-to-micelle with micelle-to-vesicle transformation. Unlike
previous researchers in the field we also ensure complete cholate
ionisation during the process, as cholate like other ionic surfactants is
(maximally) active only in its ionised form.

In this report we address the complete sequence of structural and
morphological changes occurring during the vesicle-to-micelle
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Fig. 1. The structural and chemical formula of a cholate molecule, showing the
hydrophobic surface (light grey) and the hydrophilic groups (dark grey) on the other
molecular side (modified from [1]).
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transformation in phosphatidylcholine–sodium cholate mixtures
under consideration of (local) bilayer curvature effects and with
special focus on the presolubilisation region. For this purpose, we
studied the initial vesicle size effects on natural phosphatidylcholine
vesicle transformation into the cholate dominated mixed micelles,
relying on static and dynamic light scattering data. We analysed the
results with several theoretical models to explain experimental
observations more quantitatively, and paid some attention to the
studied process kinetics as well. The emerging picture of vesicle-to-
micelle transformation is richer but also more complex than
previously known, which raises some experimental caveats. To list
but the most important ones: the very popular optically measured
“bilayer-saturating concentration” is an ill-defined “descriptor” with
an assay-, preparation history-, and size-dependent value; the “three-
step solubilisation” model is pedagogically useful but never strictly
applicable to reality, where continuous solubilisation prevails; the
bilayer solubilising concentration is the only robust descriptor of lipid
solubilisation in the tested mixtures, but it also depends on the
starting aggregate size and is potentially burdened with the slow
transition kinetics; the results measured with only partially ionised
surfactant molecules are questionable due to interfacial effects on
molecular charge, and vice versa. Arguably, these caveats apply to
most, if not all, lipid–surfactant mixtures.

2. Materials and methods

2.1. Materials

We obtained soybean phosphatidylcholine (SPC, Lipoid S 100,
purity=97.8%, the assumed average molecular weight ~800 g/mol)
from Lipoid GmbH (Ludwigshafen, Germany). Sodium cholate
hydrate (purity≥97%) was from Sigma-Aldrich (Steinheim,
Germany). All the other chemicals and reagents were of analytical
grade. Polycarbonate membranes were from GE Water & Process
Technologies (Trevose, PA, U.S.A.).

2.2. Preparation of lipid vesicles

In brief, we dissolved the necessary amount of phosphatidylcho-
line in a sufficient amount of chloroform in a 500 mL round-bottom
flask. We evaporated the solvent under vacuum at 50 °C in a rotary
evaporator. This yielded a thin lipid film, which we hydrated at the
same temperature with bidistilled water. The ensuing suspension of
multilamellar vesicles (MLV) had a total phospholipid concentration
of 120 mg g–1 (~150 mmol kg–1). We then produced large unilamellar
vesicles (LUV) from such MLV by extruding the original “crude”
suspension 10 times through a set of polycarbonate membranes with
80 nm pores under 1.75 MPa (254 psi) nitrogen gas pressure. To gain
intermediate-size unilamellar vesicles (IUV), we further extruded the
LUV suspension eight times through a set of polycarbonate mem-
branes with 30 nm pores under nitrogen gas pressure of 2.50 MPa
(=363 psi). To obtain the smallest achievable unilamellar vesicles
(SUV), we sonicated the IUV suspension on ice with a Sonopuls HD
3100 ultrasonic probe homogenizer (Bandelin electronic, Berlin,
Germany) until the suspension became opalescent (using an MS 73
tip and a sonication power of 20 W, this took approximately 150 min
for a 25 g sample). Finally, we filtered the sonicated SUV suspensions
through a polycarbonate membrane with 80 nm pores under
1.75 MPa nitrogen gas pressure to remove the titanium particles
originating from the ultrasound transducing tip. We measured the
final phospholipid concentration with HPLC to confirm that no lipid
material was lost during preparation. For this purpose, we used an in-
housemodification of themethod described by Nasner and Kraus [32],
with refractive index detection [33].

2.3. Preparation of samples

We prepared vesicle suspensions with different lipid concentra-
tions in an aqueous carbonate buffer (50 mM, pH=10.25) adjusted
with NaCl to a final ionic strength of 150 mM. For this purpose, we
diluted the original LUV, IUV, or SUV suspensions, prepared in distilled
water, with appropriate volumes of the buffer. We always prepared
fresh samples immediately before starting an experiment to minimise
lipid degradation/hydrolysis at the high chosen pH. We also prepared
a series of sodium cholate solutions/suspensions with different
concentrations in a similar buffer, and adjusted each preparation to
150 mM ionic strength with NaCl. We then mixed an aliquot of the
tested vesicle suspension with an equal volume of the appropriate
sodium cholate solution/suspension by stirring the blend thoroughly.
For the steady state experiments, we left each mixture to equilibrate
at room temperature (~25 °C), until its optical density became
constant.We then recorded the static and the dynamic light scattering
data of each separately prepared mixture. To conduct the time-
resolved measurements, we mixed the individual components in a
jacketed (25 °C) glass reservoir connected to a flow-through quartz
cuvette with peristaltic pump tubing. An eight-channel Gilson
(Villiers le Bel, France) Minipuls-3 peristaltic pump maintained a
steady suspension flow through the cuvette, in whichwe recorded the
optical density continuously until reaching a constant value. To assess
phosphatidylcholine hydrolysis during experiments, we checked
phosphatidylcholine and lysophosphatidylcholine concentrations in
representative samples with the described HPLC method.

2.4. The static light scattering (turbidimetry)

We measured the static light scattering (optical density) with a
Shimadzu UV-1601 double-beam UV–VIS spectrophotometer
equipped with a 6 position, automated sample changer and the
Shimadzu UVProbe version 2.0 software (Shimadzu Corporation,
Kyoto, Japan). We first confirmed that the light absorbed by SPC in the
employed concentration range is negligible between 400 nm and
500 nm. We then read the optical density of the tested LUV and IUV
mixtures at 500 nm. For the SUV mixtures we recorded the optical
density at 400 nm to increase sensitivity and then properly allowed
for the difference in the final data analysis.

2.5. The dynamic light scattering (photon correlation spectroscopy)

We used an ALV-NIBS/HPPS particle sizer (ALV-Laser Vertriebsge-
sellschaft mbH, Langen, Germany) for the dynamic light scattering
measurements. We characterised each sample at 25 °C in three



Fig. 2. Upper panel: The molar optical density (quasi-steady state, λ=500 nm) of the
mixed aggregate suspension resulting from the LUV after addition of sodium cholate to
the given total concentration. The numbers next to curves give the corresponding final
phospholipid concentrations, which were 1, 2, 3, 4, 6, and 8 mmol SPC kg−1. Inset: The
corresponding absolute optical density. Lower panel: The mean hydrodynamic
diameter of the mixed aggregates formed from the LUV (final concentration=4.00 m-
mol SPC kg−1) after addition of sodium cholate to the given total concentration (quasi-
steady state, triangles, left axis). The diameter implied by an additional peak occurring
at various positions between 300 nm and 900 nm, which is detectable in some samples
with total cholate concentration above 9.00 mmol kg−1, is not shown for better clarity.
Circles give the intensity-normalised fraction of the peak corresponding to mixed lipid
vesicles and/or other large mixed aggregates (right axis). In both panels, each data
point represents a separate preparation. The standard deviation bars are only shown
when they are larger than the corresponding symbol.
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individual measurements and then analysed the results with the ALV-
5000/E/EPP software (version 3.0, regularised fit routine) based on
the CONTIN 2DP method [34,35]. In so doing, we also accounted for
temperature, salt and cholate effects on the dispersion medium
viscosity. In brief, we started with the dynamic viscosity of water at
25 °C, being 0.89038 cP [36]. We then calculated the dynamic
viscosity of the employed aqueous carbonate buffer following Pereira
et al. [36] to be 0.91711 cP. We subsequently allowed for sodium
cholate effects on the dispersionmedium viscosity, relying on the data
of Wang and colleagues [37] (lacking any reliable information on
cholate binding under our experimental conditions, we assumed for
this purpose that all cholate molecules are dissolved in the aqueous
medium; this overestimates rather than underestimates the surfac-
tant effects). This revealed that sodium cholate in the investigated
concentration range affects the dispersionmedium viscosity, and thus
our analytical results, only little (b3%). For better accuracy we
nonetheless included the correction in our analyses. Allowance for
cholate binding effect would introduce only a practically negligible
correction.

2.6. Data analysis

We analysed all experimental data either with Microcal Origin
(version 6.0, Microcal Software, Inc., Northampton, MA, USA) or with
a suitable Mathcad (version 11.0b, Mathsoft Engineering & Education,
Inc., Cambridge, MA, USA) programme.

3. Results

To explore bilayer curvature effects on phospholipid–cholate
interactions and bilayer solubilisation we first prepared essentially
unilamellar soybean phosphatidylcholine bilayer vesicles with the
different sizes summarised in Table 1.

3.1. The quasi-steady state light scattering

3.1.1. Large unilamellar vesicles (LUV)
Large unilamellar vesicles (LUV) change their optical density

promptly after addition of sodium cholate, but ultimately attain a
constant optical density. The upper panel in Fig. 2 shows such final
constant molar optical density value as a function of total phospho-
lipid and total cholate concentrations. The lower panel gives the
corresponding mean diameter of the mixed aggregates as determined
with the dynamic light scattering. The figure also contains informa-
tion on the intensity-normalised fraction of the peak pertaining to the
mixed lipid vesicles and/or to other large mixed aggregates in each
preparation.

As is evident from Fig. 2, increasing total cholate concentration alters
optical density of the studied suspensions non-monotonously. The initial
optical density change is negative and relatively sharp (around−30% per
mmol total cholate kg−1). The change then turns positive, with a flatter
slope, and finally becomes negative again. The final slope is steep in the
first part and flatter towards the end of each solubilisation curve. Lipid
Table 1
The average diameter of the studied SPC vesiclesa, as determinedwith the dynamic light
scattering.

Mean diameter (nm) Polydispersity index

LUV 121.8 ≤0.13
IUV 82.8 ≤0.16
SUV 44.1 ≤0.24b

a Concluding from the published information pertaining to the used preparation
method [38,39], less than 10% of the vesicles were oligolamellar.

b Increase of polydispersity index with diminishing average vesicle size reflects
greater vesicle size-distribution skeweness upon approaching the minimum achievable
vesicle diameter.
concentration can enhance or suppress this sequence of changes and
slopes.

The dynamic light scattering yields qualitatively similar but
quantitatively different results compared with the static light
scattering (see Fig. 2). The dynamic light scattering curve pertaining
to the LUV is generally shifted towards higher cholate concentrations
relative to the static light scattering curve (cf. Fig. 2 lower vs. upper
panel).

The dynamic light scatteringuncovers coexistence of relatively small
mixed micelles and much larger aggregates over a broad range of total
cholate concentrations (Fig. 2, lower panel). The position of the peak
pertaining to the large scatterers (including the mixed amphipat
vesicles, the thread-like mixed aggregates, etc.) varies among the
replicates of the same sample at high cholate concentration, however, as
is reflected in the relatively large standard deviations illustrated in Fig. 2
(lower panel). We moreover detected an additional size-peak between
400 nmand 900 nmwith the dynamic light scattering in an appreciable
number of samples (data not included into Fig. 2 for better clarity).
Taken together, this implies that large aggregates with different sizes
and/or various shapes coexist during lipid (partial) solubilisation. They
are not resolvable with the dynamic light scattering, as the available
mathematical models for analysing the dynamic light scattering data
presume similar geometry for all scatterers. We only calculated various

image of Fig.�2


Fig. 4. Left panel: Themolar optical density (quasi-steady state, λ=500 nm) of themixed
aggregate suspension resulting from the LUV, the IUV or the SUV after addition of sodium
cholate to the given total concentration (final SPC concentration=4.00 mmol kg−1). The
curvepertaining to the SUVwas calculated fromthedatameasuredatλ=400 nm(dashed
line) assuming OD∝λ−w and 3.023≤w≤4.000. Right panel: The derivative of the molar
optical densities shown in the left panel vs. the total cholate concentration. The arrows
point to unusual changes in optical density curves.
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size values assuming spherical, rather than discoidal or thread-like,
micellar shapes.) The average mixed micelle size generally decreases
from ~14 nm to ~5 nm with raising total cholate concentration in the
vesicle–micelle coexistence range.

3.1.2. Small unilamellar vesicles (SUV)
Small unilamellar vesicles (SUV) become slightly more optically

dense after addition of small cholate amounts (optical density
increases approx. 4–10% per 1 mmol total cholate kg−1, see Fig. 3),
in contrast to the situation foundwith the LUV. Further raising cholate
concentration steeply increases the suspension optical density; the
maximum value corresponds to nearly three times higher optical
density for the cholate-containing vs. the original cholate-free
preparation (Fig. 3). Increasing cholate concentration beyond such
optical density maximum decreases the suspension optical density
sharply to a quasi “plateau”. This indicates essentially complete
bilayer vesicle solubilisation into small mixed amphipat micelles. The
solubilisation curve measured with the SUV shows no tailing in
contrast to the LUV or the IUV curves (Figs. 2–4).

The average hydrodynamic diameter of the studied aggregates and
the suspension optical density depend qualitatively similarly on total
cholate concentration. Exceptional are only low cholate concentra-
tions: addition of a small cholate amount changes little the
hydrodynamic diameter of the mixed amphipat vesicles derived
Fig. 3. Upper panel: The molar optical density (quasi-steady state, λ=400 nm) of the
mixed aggregate suspension resulting from the SUV after addition of sodium cholate to
the given total concentration. The numbers next to curves give the corresponding final
phospholipid concentrations, which were 1, 2, 3, 4, 6, and 8 mmol SPC kg−1. Inset: The
corresponding absolute optical density. Lower panel: The mean hydrodynamic
diameter of the mixed aggregates formed from the SUV (final concentration=4.00 m-
mol SPC kg−1) after addition of sodium cholate to the given total concentration (quasi-
steady state, triangles, left axis). A peak detectable in all samples with total cholate
concentration above 6.50 mmol kg−1 somewhere in the range 90–350 nm is not shown
for better clarity. Circles give the intensity-normalised fraction of the peak
corresponding to mixed lipid vesicles and/or other large mixed aggregates (right
axis). In both panels, each data point represents a separate preparation. The standard
deviation is always smaller than the symbol.
from the SUV (−2.0 nm); the measured optical density suggests a
change in the opposite direction. Raising cholate concentration
further then enlarges the mean diameter of mixed aggregates sharply,
from 42 nm (essentially the starting value) to 102 nm, in qualitative
agreement with the optical density data. Such changes more or less
coincide with the first well-detectable small mixed micelle
appearance.

The intensity-normalised fraction of the peak pertaining to the
large aggregates falls steeply with increasing cholate concentration.
The peak remains detectable at various positions between 90 nm and
350 nm, however (data not shown in Fig. 3 for better clarity). The
average size of the small mixed phosphatidylcholine/cholate micelles
is 5–11 nm. It suggests molecular control over the average small
aggregate size. The dynamic and the static light scattering both imply
similar solubilisation-endpoints.

3.1.3. Intermediate size vesicles (IUV)
Intermediate size vesicle (IUV) suspensions supplemented with a

small amount of cholate become more transparent. We measured
smaller optical density decrease with such intermediate-size (80 nm)
unilamellar vesicles than with the LUV (note the slight increase
observed with the SUV illustrated in Fig. 4). Raising cholate
concentration further triggers a complex set of optical density
changes. This is reflected in at least two well resolved, successive
optical density vs. cholate concentration peaks. We detected two
peaks—or more precisely: a peak with a shoulder—for the LUV as well.
To determine these two peak positions for the LUV we had to take the
derivative of optical density vs. total cholate concentration curves (see
Figs. 2, 4). Escalating cholate concentration further decreases optical
density of the suspension that originally contained IUV essentially in
parallel with the optical density changes observed with the LUV and
SUV suspensions. The process continues until the optical density
reaches a low quasi-plateau, where most lipid vesicles are trans-
formed into small mixed micelles. The gradual solubilisation creates a
“tail” at the high end of optical density vs. cholate concentration
curves. The tail is more prominent for the LUV than for the IUV and is
not detectable for the SUV (Figs. 2–4).

It is therefore more appropriate to identify complete solubilisation
with the cholate concentration at which the suspension optical density
reaches its final, low value than by extrapolating the steeply descending
part of the curves toward such a value. The minimum cholate
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concentration needed to completely solubilise phosphatidylcholine into
small mixed micelles evidently depends on the original vesicle size. It is
generally higher for the larger than for the smaller vesicles (Figs. 2–4).
3.2. The time-resolved light scattering

Fig. 5 illustrates the temporal evolution of molar optical density of
the LUV or of the SUV suspensions triggered by adding sodium cholate
to the specified final concentration. The optically detectable vesicle-
to-micelle transformation is sensitive to the initial average vesicle
size, whether measured in quasi-equilibrium (the final quasi-steady
state values provided in Figs. 2–4) or time-resolved.

Addition of a sub-solubilising cholate amount to the LUV
suspension precipitously decreases the preparation optical density.
The optical density reaches a final, constant value nearly instanta-
neously, indicative of fast partitioning of cholate molecules between
the bulk and the LUVbilayers. Addition of a solubilising sodiumcholate
quantity to the LUV also promptly lowers the suspension optical
density to approximately half the original value. The optical density
subsequently decreases gradually toward the final very low value,
which is reached after approx. 3–4 h (Fig. 5, left). The LUV solubilisa-
tion into small mixed-phosphatidylcholine–cholate micelles is thus a
complex and relatively slow process.

The temporal optical density evolution in the cholate-supplemented
SUV (Fig. 5, the right panel) differs from the corresponding time-course
determined for the LUV suspensions. A sub-solubilising cholate addition
triggers a small increase of the SUV optical density that seamlessly
transitions into a smaller secondary decrease. Higher, but still sub-
solubilising, cholate concentration (corresponding to the optical density
maximum in Fig. 3) transiently lowers the suspension optical density.
The suspension optical density thereafter continues to increase for at
least 90 min. Thefinal value is nearly three times higher than the original
value, with a clear saturation tendency. Introduction of a solubilising
sodium cholate amount, in contrast, precipitously decreases the
suspension optical density. The subsequent asymptotic approach to the
final value takes approximately 2 h. The secondary suspension optical
density decrease possibly reflects diminution of the mixed amphipat
micelles rather than vesicle solubilisation (cf. LUV, Fig. 5, left).Wedid not
see the intermediate transition, characterised by the steep optical density
increase, after having added the solubilising cholate amount to our
preparations in a single step. The time-dependent and the continuously
recordedoptical density curves thusdiffer in this respect fromthe cholate
concentration-dependent quasi-steady state changes illustrated in Fig. 3.
Fig. 5. The temporal evolution of molar optical density of the LUV (left panel) or the SUV (rig
(final SPC concentration=4 mmol kg−1). The baselines are corrected for the dilution effec
indicating the apparent changes in optical density decrease rate. Inset: Magnification of the
3.3. Quantitative analysis of the cholate-facilitated bilayer fluctuations

We analysed the data from Figs. 2 and 3 within the framework of
the Helfrich bilayer elasticity model [40], which accounts for the
functional dependency of the effective bilayer rigidity on the average
vesicle size. This afforded the effective bilayer rigidity as a function of
total cholate concentration, based on the observed LUV diameter
diminution (see Appendix B and Table 2, which expresses the results
as a function of total cholate concentration). We then inferred the
apparent size and optical density of the SUV preparations from the
LUV results without making any further assumption. The qualitative
agreement between the calculated and the measured results for the
SUV shown in Fig. 6 gives some credence to the underlying
assumptions. To improve the agreement further one could allow for
the relatively large polydispersity of the SUV as compared with the
LUV into the model.

4. Discussion

4.1. Experimental considerations

Under the physiologic conditions cholate is essentially an anionic
biosurfactant with the aqueous dissociation constant pKa=4.63
(25 °C, 150 mM ionic strength [44]). The apparent dissociation
constant of cholate is higher, however, in the homo-aggregates that
prevail above this biosurfactant CMC and in the presence of other
lipids or surfactants, which tend to form hetero-aggregates with this
biosurfactant. The chief reasons are the lower polarity and the
repulsive electrostatic potential at such aggregate surface (see
Appendix A). Our own potentiometric measurements ([45] and
other unpublished data) suggest that pKa=4.80 (37 °C, 150 mM
ionic strength) for an aqueous cholate solution below CMC and that
cholate bound to the originally electroneutral SPC bilayers has a
higher logarithmic dissociation constant: pKa

mem=6.91 (37 °C,
150 mM ionic strength). Our results are similar to the values that
had been reported earlier based on the 13C NMR of the membrane-
bound cholate [46,47].

We wished to experiment only with cholate in a well defined
ionisation state.We therefore adjusted the studied suspensions pH so as
to ensure complete ionisation of the dissolved as well as the aggregate-
bound cholate. We met the goal—and ensured N99% cholate ionisation
for all the tested lipid and surfactant concentrations—by experimenting
at pH=10.25»pKa

mem+2 (see Appendix A for further discussion).
Previous studies of the membrane-associated cholate were conversely
ht panel) suspensions after addition of sodium cholate to the given total concentration
t. The curve II in the left panel is subdivided into four segments by the crossing lines
changes taking place during the first few minutes.

image of Fig.�5


Table 2
The calculated bending rigidity, κ, of the mixed amphipat bilayers as a function of total
cholate concentration. The results are derived from the LUV size changes measured
with the static and dynamic light scattering and analysed with the basic Helfrich's
model (Appendix B) [40].

[Cholate]Tot Static light scattering Dynamic light scattering

Molar OD κ 10−20 J (kBT) Dh nm κ 10−20 J (kBT)

0.000 153.004 –a 121.8 –a

0.383 112.509 1.031 (2.5) 107.1 0.807 (2.0)
0.973 105.622 0.846 (2.1) 106.0 0.732 (1.8)
1.464 102.489 0.783 (1.9) 104.5 0.664 (1.6)
1.947 101.072 0.766 (1.9) 98.5 0.518 (1.3)

a We know of no published bending rigidity value for the pure SPC bilayers. The
reasonably similar egg PC has κ≈9.7–13.4 kBT [41,42]. Reliable values for the fluid-
phase PCs typically range between 10 kBT and 20 kBT, depending on chain-length and
-unsaturation [43]. Dilinoleyl-phosphatidylcholine with four double bonds per
molecule has κ≈11 kBT [43]. We therefore presume κ≈15 kBT (6.172×10−20 J) for
the studied simple SPC bilayers.

Fig. 6. The cholate (total concentration=0−2 mmol kg−1) induced (mixed) vesicle
hydrodynamic diameter changes (4.00 mmol SPC kg−1). Symbols give the experimen-
tal data and lines the values calculated as is described in Appendix B with the bending
rigidity values given in Table 2. The calculation presumed the same cholate apparent
partition coefficient in the LUV and the SUV bilayers at similar cholate concentration.
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done nearly exclusively in the quasi-physiological range 6.5bpHb7.5
(i.e. aroundpKa

mem). This focused on the physiologic cholic acid/cholate-
lipid interactions but aggravated proper analysis of cholate partitioning/
binding. Indeed, noprevious study ofwhichweknowhas treated the pH
effects in such range properly (i.e. by correctly considering both the
dissolved as well as the lipid-associated cholate ionisation). Most
importantly, the variability of cholate ionisation in such pH rangewas in
the previous publications accounted for only incompletely, if at all.

The experimental pH effects on cholate ionisation are greatest when
pH≈pKa

mem, i.e. around the physiological pH range.1 This explains some
discrepancies between the various published results. For a similar
reason, the Coulomb correction in such pH range is requiring utmost
care: incomplete cholate ionisation, a consequence of the small pH–
pKa

mem difference, would make mathematical analysis of the resulting
data much more complex [45]. One should also carefully consider the
local pH shift, ΔpH, which results from proton attraction to the
negatively charged surface. Indeed, cholate is fully charged only when
the interfacial pH sufficiently exceeds the interfacial pKa

mem. One must
therefore choose the bulk pH≥pKa

mem-ΔpH+2 (or 3) rather than the
bulkpH≥pKa+2 (or 3) to ensure full ionisationof thebiosurfactant and
thus a reasonably simple mathematical analysis of experimental data
(see Appendix A for further discussion).

Wanting to ensure cholate equilibration in the tested suspensions,
we sought to achieve constancy of the measured signal by waiting
long enough. We kept in mind that the minimum required time
depends on the initial vesicle size as well as on total cholate and lipid
concentrations (Fig. 5). Cholate exchange and equilibration between
an aqueous solution and a lipid bilayer can be slow at pH=10.25. The
time needed by cholate to cross a lipid bilayer and then to equilibrate
between the outer and the inner membrane half is, at least in a pore-
free bilayer, quite long. Addition of cholate may moreover initially
(and often transiently) decrease the dispersion optical density, which
subsequently re-increases, or vice versa (Fig. 5). Premature read-out is
thus prone to produce wrong conclusions. We consequently either
equilibrated each test sample until its optical density was constant,
which took up to 6 h, or else measured the full time-dependency.

We also cared about SPC hydrolysis at the high chosen experi-
mental pH. We first calculated the rate of phosphatidylcholine
degradation based on published information [48,49] and duly
considering the local pH-shift effects (see Appendix A). We concluded
that the overall degree of lipid hydrolysis should be less than 2.5%
during the 6 h equilibration period at pH=10.25, T=25 °C,
I=150 mM, except when the mole fraction of bound cholate in the
aggregates is less than 0.1. This would apply for our suspensions (SPC
concentrations≤6.00 mmol kg−1) only if the total cholate concen-
1 For illustration: degree of ionisation varies between 24–76% at pH=pKa±0.5.
tration is less than 1.4 mmol kg−1 (see the published partition
coefficient values of refs. [50,51]). Suchmixtures require equilibration
times of a few minutes (Fig. 5), however. This is too short to cause
considerable degradation. We furthermore checked experimentally
that phospholipid hydrolysis did not play a role in our experiments. To
this effect we confirmed that the lysophosphatidylcholine level in
several representative samples, kept at pH=10.25 and T=25 °C for
6 h, was below the HPLC method detection limit. No phosphatidyl-
choline concentration change could be also detected. We therefore
deem our results to be reliable and not falsified by phospholipid
degradation.

4.2. Supramolecular view of the cholate-induced vesicle-to-micelle
transformation

In contrast to micelle-to-vesicle transition, which is well charac-
terised structurally and kinetically [52–55], the reverse process of
vesicle-to-micelle transformation is not yet fully understood [1–
3,5,18,19,21,22,24,29,56]. The associated data interpretation is corre-
spondingly diverse and mainly phenomenological.

Themost common description of vesicle-to-micelle transformations
is the “three-stage model” [3]. According to such model, at stage I
surfactant monomers partition into lipid bilayers. Higher surfactant
concentration pushes the mixed amphipat suspension into stage II at
which the lipid-saturatedmicelles coexist with the surfactant saturated
vesicles, according to the model. At stage III only micelles exist.

Despite its simplicity, the three-stage model can describe
reasonably well the basic behaviour of many lipid–surfactant
mixtures. This explains the model popularity despite its restriction
to just two, in detail unspecified, aggregate types: bilayer vesicles and
micelles. The three-stage model cannot cope with the structural
diversity of the data described by many researchers [24,56–58]
including ourselves. Indeed, such data suggest that surfactants
solubilised bilayer vesicles in a continuous process comprising at
least two sequential and partially overlapping, structurally complex,
and aggregate size-dependent phenomena—one increasing and the
other decreasing average mixed aggregate size (see Appendix D).

Fig. 7, which we construed on the basis of our own and previously
published findings, illustrates the most typical structures that may
(co)exist during vesicle transformation into ultimately small mixed
micelles. The figure also highlights the only unambiguous and
common boundary in such a transition: the complete replacement
of the relatively large, water-filled bilayer vesicles (whether spherical
and non-perforated or not) by the much smaller and more compact
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Fig. 7. Schematic representation of the most typical structures that can appear, and typically coexist, during progressive vesicle-to-micelle transformation, and their ad hoc
separation into four quasi-distinct regions: the bilayer vesicle/mixed vesicle region (A); the open, quasi-lamellar structure region (B); the long, thread-like micelle region (C); and
the relatively small micelle region (D).
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micelles (whether thread-like, ellipsoid, discoid, or spherical). Any
further firm subdivision is artificial and ad hoc, even if it facilitates the
underlying process description. In the following we thus reduce the
general, quasi “bicontinuous and parallel transformation”, which we
advocate herein, to just four transformation steps or regions: A, B, C, D
(Fig. 7). We caution the reader that this serves solely better
comparability with the three-stage model and that such simplified
“differentiation” has no one-to-one correlation with reality. For
further commentary see Appendix D.

4.2.1. The lamellar bilayer vesicles/mixed amphipat vesicles (region A)
Low total cholate concentrations result in a low degree of cholate–

bilayer association. Only mixed amphipat bilayer vesicles then exists. If
cholate–bilayer association was the only process involved, the average
vesicle sizewould therefore simply increasewith cholate concentration
[59], owing to the growingnumberofmolecules in each vesicle. Evans et
al. [59] showed that the surface area of a pressurised giant unilamellar
vesicle increases monotonously with the added/bilayer bound bile acid
fraction. In reality, we measured a “richer” and vesicle size-dependent
optical density vs. total (low) cholate concentration curve: the slope of
our experimental curve is first steep and negative for the LUV, less
negative for the IUV, and slightly positive for the SUV. At slightly higher
cholate concentrations the slope is positive for all the investigated
vesicles (cf. Fig. 4, left panel).

Our dynamic and static light scattering data qualitatively agree for
the SPC/cholate mixed aggregates originating from the LUV. This
confirms that the apparentmean diameter of such aggregates decreases
with increasing total cholate concentration (Fig. 2). Conversely, the
dynamic light scattering indicates a slight vesicle size decrease
(~2.0 nm) for the SUV whereas the static light scattering in parallel
reveals a slight increase of the SUV size (Fig. 3). The diversity of bilayer
forms, which are brought about by phospholipid–cholate interaction
and association, evidently increases with the average aggregate size
even if the starting vesicles are always spherical.

Surfactant insertion into a lipid bilayer lowers the resulting mixed
bilayer rigidity [60,61]. This lowers mechanical bilayer stability [59]
and facilitates bilayer fluctuations [62,63]. Hydration studies with
mixed bilayers [62] and high-intensity dark-field micrographs [63]
vindicate the claim. The frequency spectrum of bilayer fluctuations
inevitably depends on the average vesicle surface/size, and is more
restricted for the SUV than for the LUV. The size-dependent counter-
play between the bilayer expansion caused by cholate adsorption and
the apparent bilayer vesicle shrinkage caused by the cholate-induced
bilayer fluctuations can thus explain our quantitative conclusions
summarised in Fig. 6. Absence of such fluctuations in mixed amphipat
vesicle under tension in turn explains the monotonous size-increase
with surfactant concentration reported by Evans et al. [59].

Surfactant insertion into lipid vesicles lowers bilayer bending
rigidity [11,59,60,64,65]. With an improved vesicle adaptability
assay, Wachter et al. [66] have assessed the bending rigidity of the
SPC bilayers saturated with the non-ionic surfactant polyoxyethy-
lene (20) oleyl ether (C18:1EO20) and concluded that it is κ≈2.1 kBT.
Brownand colleagues [64] estimated from thedeuteriumNMRrelaxation
times the bending rigidity of the 2/1 dimyristoyl-phosphatidylcholine/
C12EO8 mixed bilayers, which is also not too far from phospholipid
solubilisation, to be κ≈7 kBT. Evans, et al. [59] reported a quasi-
exponential decrease of bilayer lysis tension with increasing concentra-
tion of the trihydroxy bile acid cholylglycine in egg phosphatidylcholine
giant vesicle. Their data imply bilayer bending rigidity at 5–10% of the
saturation limit also to be in the 5–8 kBT range. Our own estimate of κ≈2
kBT (Table 2) for the suspensions containing sub-solubilising cholate
concentrations is therefore probably too low, unless some impurity in the
employed SPC acted in synergy with cholate to lower the mixed bilayer
bending rigidity. We find this unlikely.

The low calculated κ value therefore points towards an alternative
and preferable explanation: an inhomogeneous surfactant distribu-
tion within the fluctuating mixed amphipat bilayers [11,65]. Such
distribution introduces another surfactant-sensitive size dependency
into the generalised Helfrich's model, in addition to the size-
dependent fluctuation cut-off. A finite surface area namely restricts
the range of all possible vesicle membrane fluctuations. In turn, this
diminishes the maximum surfactant-induced κ-decrease and the
resulting apparent vesicle size reduction. Laterally and transversely
non-uniform surfactant distribution can account for the 25% discrep-
ancy between the cholate-induced size changes of the LUV and SUV,
which we measured with the dynamic light scattering (Fig. 6) (to
explain the much larger difference between the static light scattering
changes measured with the LUV or SUV one would have to allow for
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the putative cholate-induced bilayer refractive index change (e.g. due
to bilayer hydration) and/or for bilayer thickness variation).

Restricted transbilayer “flip–flop” of charged cholate molecules
through SUVbilayers could play a role aswell. Cabral et al. [67] assessed
the rate of cholate flip–flop through egg phosphatidylcholine SUV
bilayers (diameter ~23 nm) with the 13C NMR; the charged cholate
molecules at pH=10 practically failed to traverse such bilayers (flip–
flop half-timeN24 h at 35 °C). Donovan and Jackson [68] investigated
surfactant flip–flop through LUV bilayers by monitoring the time-
dependency of surfactant binding. They determined the transverse time
of the ionised bile salts across lipid bilayers to be hours or evenminutes
[68]. The discrepancy could reflect vesicle size differences; the relatively
high SUV bilayer curvature creates a less favourable surrounding
(higher chemical potential) on its inside for charged surfactant
molecules as compared with the outer bilayer half. Cholate resistance
towards “running uphill” through the SUV bilayer could therefore
explain the slower flip–flop through the highly curved SUV bilayers as
compared with the “flatter” LUV bilayers. The same applies to some of
the differences illustrated in Figs. 2–4, at least.
4.2.2. Vesicle poration, partial fragmentation, and/or fusion/appearance
of thread-like micelles (region B)

The differently large vesicles respond differently to cholate
incorporation in the intermediate cholate concentration range (for
illustration: total cholate concentration of 2.0–4.5 mmol kg−1 for the
samples with SPC concentration of 4.00 mmol kg−1, Figs. 2–4).
Optical density of the originally LUV and the originally IUV suspen-
sions responds to surfactant concentration within such range only a
little. For a better visibility and experimental resolution we therefore
differentiated each curve (see the right set of panels in Fig. 4). This
confirmed existence of two optical density maxima for the LUV (for
the LUV, better described as a peak and a shoulder) as well as for the
IUV. Optical density of the suspensions that originally contained the
SUV, in contrast, comprised only one optical density peak (within
resolution of our measurements), with a maximum at nearly three
times the initial optical density value.

The first maximum in our optical density vs. cholate concentration
curves is visible at approximately the same total surfactant concen-
tration for the originally LUV and IUV suspensions (Fig. 4). This
suggests that the surfactant-dependent bilayer expansion in suffi-
ciently large bilayer aggregates dominates over the surfactant-
induced bilayer fluctuations. In contrast, our data can neither support
nor exclude the previously proposed shedding of SUV during
solubilisation of the originally LUV/IUV SUV, which had been implied
for phosphatidylcholine–octylglucoside mixtures [58,69].

The shoulder on the molar optical density vs. total cholate
concentration curve measured with the LUV, the second peak on
such curve for the IUV, and the single peak on the curve for the SUV all
correspond. They moreover coincide with the first detection of the
small mixedmicelles by the dynamic light scattering. Such “secondary
characteristics” of opticallymeasured solubilisation curves thus reveal
onset of vesicle solubilisation; they depend on initial vesicle size,
showing a higher maximum for the smaller than the larger vesicles.

The dynamic light scattering data basically confirm the static light
scattering results. The peak corresponding to the large aggregates
shifts upward with increasing cholate concentration (Figs. 2–3). The
dynamic light scattering detects small mixedmicelles at lower cholate
concentrations for the SUV than for the IUV or the LUV. The dynamic
light scattering delivers only imprecise information about the large
aggregate size within the bilayer presolubilisation region (i.e. at the
higher end of intermediate cholate concentrations range; Fig. 2); this
suggests coexistence of various aggregate forms (Fig. 7). An additional
peak between 90 nm and 900 nm in some measurements (data not
shown) supports the conclusion. These findings justify the bilayer
solubilisation illustration presented in Fig. 7.
Walter et al. [24] investigated the intermediate structures in
vesicle–micelle transition of a phosphatidylcholine SUV–cholate
system with cryo-transmission electron microscopy. For the cholate
concentrations which increase the suspension optical density most
steeply (the ascending part of optical density “peak”) they observed
open vesicles, collapsed vesicles, bilayer patches, and cylindrical (i.e.
thread-like) micelles. They also detected some cylindrical mixed
micelles at the broken vesicle/large bilayer sheet rims. Walter and
colleagues reported maximum prevalence of such micelles for the
cholate concentrations corresponding to the optical density peak
illustrated in our Figs. 2–4. Vinson et al. [34] saw similar structures
with the LUV phosphatidylcholine–octylglucoside mixtures.

Long et al. [20] investigated the reverse process, i.e. the
intermediate aggregate formation by diluting lecithin–bile salt
micellar suspensions. Their small-angle neutron diffraction data
revealed coexistence of bilayer vesicles and cylindrical micelles even
in some samples for which dynamic light scattering measurements
showed just one kind of aggregates. They explained the discrepancy
observed at intermediate cholate concentrations by postulating that
micelles are too long to be distinguishable from bilayer vesicles with
the visible light. Existence of such micelles or (micellar) protrusions
emerging from bilayers during vesicle solubilisation also can explain
the variable peak position which we uncovered for the large
aggregates with the dynamic light scattering.

We combined these findings with the published information on
vesicle leakage [2,18,22] and our own conclusion and kinetic observa-
tions to construct the generalised scheme of vesicle-to-micelle
transformation which we present in Fig. 7.

In our view, the changes occurring in this region, reflected by the
static and dynamic light scattering measurements (Figs. 2–4), result
from the gradual bilayer enrichment and finally saturation with the
surfactant and the accompanying diversity of transformations in the
mixed aggregate morphology. The two major types of such
morphological changes are: vesicle poration/rupture into quasi-
lamellar open vesicle/bilayer fragments, on the one hand, and retro-
fusion of the resulting fragments or vesicles into larger aggregates,
on the other hand. The most frequent minor and/or transient change
is protrusion formation, which is optically indistinguishable from
vesicle fragment fusion. It stands to reason that the protrusion
formed before creation of transbilayer pores (which permit fast
cholate migration across bilayers) involve just the outer bilayer half;
subsequently (after the porated or fragmented bilayers stop acting as
barriers to cholate transport) both bilayer halves are involved.
Complexity of the derivatives shown in Fig. 4 supports our overall
picture of vesicle-to-micelle transformation (Fig. 7). It moreover
proves that the process of surfactant-induced vesicle solubilisation is
not interchangeable with the vesicle formation triggered by
decreasing surfactant concentration. Whereas the latter is exclu-
sively controlled by the mixed aggregate composition [70–73] and
its change-rate [74,75], the former depends on the starting aggregate
size, on total amphipat concentration, and also on equilibration time
(Figs. 2–5).

Arguably, each aggregate shape transformation triggers a time- and
morphology-dependent local cholate concentration adjustment,
whether this is directly observable or not. Such an adjustment can
give an explanation for the initial light scattering variation and/or its
transience in the case of the SUV (see Fig. 5) as well as the preferential
occurrence of the long cylindrical mixed micelles at bilayer fragments'
rim (see the previous paragraphs and [24]). Unfortunately, the optical
light scattering was only capable of directly and unambiguously
confirming the local cholate concentration increase in the caps of the
thread-like, mixed phosphatidylcholine–cholate micelles (Fig. 8). The
size- and time-dependency of the scattered light characteristics
measuredwith the partially solubilised phospholipid (Figs. 2–5) implies
a similar cholate local concentration adjustment in the pre-solubilisa-
tion region, however.



Fig. 8. Total cholate concentration required to solubilise the LUV bilayer vesicles into
small mixed amphipat micelles as a function of total phospholipid (SPC) concentration.
Symbols represent the experimental static light scattering data. The dashed curve
illustrates the best fit, derived from the model proposed by Roth et al. [76] with the
modifications described in Appendix C.

Fig. 9. The sum of two sigmoidal curves, described by Eqs. (D1)–(D2), can mimic all the
basic forms of the experimental optical density vs. cholate concentration curveswhichwe
measured. More specifically, we always used n=1.5 together with x0=50, S=0.1,
dx0=10, and dS=−0.05, −0.025, 0.05, and 0.2 (for the curves 1 to 4, respectively) to
generate the set of curves shown in theupper panel or x0=50, S=0.1, dx0=0, 2.5, 10, and
20 (for the curves 1 to 4, respectively), and dS=0.2, to create the set of curves in the lower
panel.
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Our data indicate that the propensity for large aggregate or protrusion
formation depends on several parameters. The starting aggregate size can
obscure their identification and experimental data interpretation,
however: the aggregates originating from the LUV scatter light similarly
as the LUV containing less cholate (i.e. region A, Fig. 7) while optical
density of the suspension of the mixed amphipat aggregates stemming
from the SUV exceeds the optical density of the original SUV suspension.
The optical density peak measured with various vesicle preparations
consequently increases with decreasing initial vesicle size (Fig. 4). Both
the shape and theheight of themolar optical density peakdependon lipid
concentration (Fig. 3) aswell,which can affect the transformation kinetics
too. Aggregate proximity/higher amphipat concentration raises the
probability for both aggregate–cholate as well as aggregate–aggregate
collisions and fusion. This facilitates protrusion growth and aggregates re-
merging/reformation/fusion, any of which increases the suspension
optical density. This offers an explanation for the flatter optical density
vs. cholate concentration curve measured at the relatively high lipid
concentrations. The starting aggregate size effect on the average inter-
aggregate distance moreover explains why such effect is greater for the
LUV than for the SUV (Figs. 2, 3). Lack of accurate cholate–aggregate
association constant values prevented us from analysing this dependency
quantitatively.

We warn against accepting any of the reported “vesicle saturation”
with a surfactant boundary, the derived effective bound molar fraction,
xe
sat, or the associated effective boundmolar ratio, Resat, as a reliable and/
or definitive value, at least when such parameters are derived from the
optical light scattering data. The long cylindrical, thread-like micelles
may coexist with themixed vesicles at surfactant concentrations below
the optical density “peak”. Some open vesicles may coexist with the
cylindrical micelles at the beginning of the ascending part of the optical
density peak. The starting size-dependency of suspension optical
density changes may moreover shift the optical density peak position
between various preparations with identical composition and different
morphology (see Figs. 4, 9 and Appendix D). All these phenomena are
evidently due to bilayer curvature effects and arguably a consequence of
an uneven surfactant distribution between and within the mixed
amphipat aggregates with different average and local curvatures.

4.2.3. Thread-like micelle fragmentation/small cylindrical and/or
spherical micelle formation (region C)

Increasing cholate concentrationwell above the concentration that
ensures full bilayer fragmentation shortens the thread-like micelles.
The cylindrical micelles thus ultimately transform into the smaller
ellipsoidal or (quasi) spherical micelles. In parallel, the suspension
optical density decreases, diagnostic of (nearly) complete lipid
solubilisation. The weight fraction of the peak corresponding to the
small micelles in the dynamic light scattering data concurrently
increases and the weight fraction of the peak corresponding to the
large/long aggregates decreases (Figs. 2–3, right axes). The suspen-
sion characteristics which we have determined for the region C are
thus qualitatively the same as those measured previously with the
visible light scattering and neutron diffraction moving in the opposite
direction, i.e. starting with the small mixed amphipat micelles and
then triggering larger aggregate formation by lowering total surfac-
tant concentration [70].

The tailing of optical density vs. cholate concentration curve depends
on the initial vesicle size. It is more prominent for the mixtures
originating from the LUV (data published by de la Maza and Parra[18],
who worked with larger vesicles than our LUV show also tailing) than
for the preparations originating from the IUV (Figs. 2, 4). Our data
pertaining to the SUV show no clear tailing (Figs. 3–4), however.

Temporal evolution of the optical density measured after addition
of a solubilising cholate amount elucidates the observation. LUV
solubilisation, as reflected in the temporal optical density evolution,
follows a similar pattern as the cholate-induced concentration-
dependent changes (Figs. 2, 5); one can thus view the LUV
solubilisation as a gradual but rather rapid aggregate transformation.
In contrast, the SUV seem to be less capable of accommodating large
amounts of cholate, probably owing to their smaller average surface
area that only tolerates a limited fluctuation spectrum; the flip–flop
hampering surface curvature influence may play a role as well. Small
vesicles therefore break more directly into cylindrical micelles, and
require a lower total cholate concentration for solubilisation, than the
LUV (Figs. 2–4).
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Turbidimetric/optical density measurements can quantitatively and
reliably reveal the effective surfactant mole fraction above which only
small ellipsoidal or spherical micelles exist, xesol. We evaluated such
fraction from the data given in Figs. 2–4 with the mathematical
approach of Roth et al. [76]. We thus accounted for the micelles' finite
size and the inhomogeneous end-caps (inhomogeneous with regard to
surfactant and lipiddistributionsatbothends as compared to the central
part of each cylindrical micelle). We moreover included the Columbic
interactions into the model (Appendix C) and present the results in
Table 3 and Fig. 8. The predicted non-linearity at low lipid concentra-
tions agrees with the experimental data measured with the LUV
(b1.00 mmol SPC kg−1).Wewereunable to collect similar datawith the
dilute SUV preparations owing to their low scattering intensity. From
the whole experimental data set we were nonetheless able to conclude
that the effective surfactant molar ratio in the aggregates at complete
lipid solubilisation is lower for the SUV than for the LUV: Re, SUVsol bRe, LUV

sol .
The size of the small mixed micelles existing at such boundary is
moreover larger for the SUV (2r=11.4 nm) than for the LUV
(2r=4.5 nm). This supports our earlier conclusion that the SUV, having
a relatively small surfacearea and restrictedflip–flopability, can tolerate
less cholate than the LUV. The SUV therefore requires less cholate to
break into larger and having lower Re mixed micelles (see Figs, 2–4,
Table 3).

4.2.4. The small mixed micelles (region D)
Ahigh cholate concentration in a lipid suspensionensures that all the

aggregated amphipat molecules will form only small mixed amphipat
micelles (Fig. 2, 3). Adding a solubilising cholate amount to either the
LUV or the SUV triggers a slow terminal optical density decrease,
diagnostic of the progressive micelle size diminution (Fig. 5).

5. Conclusions

We characterised various soybean phosphatidylcholine–sodium
cholate mixtures with light scattering techniques to elucidate vesicle-
to-micelle transformation. More specifically, we used the static, the
time-resolved, and the dynamic light scattering to investigate the
equilibrium optical density and aggregate size in soybean phospha-
tidylcholine suspensions supplemented with cholate. We worked
Table 3
The mixed aggregate composition, the corresponding aqueous cholate concentration,
and the cholate partition coefficient into the mixed aggregates at the total cholate
concentration ensuring complete soybean phosphatidylcholine solubilisation into
small mixed micellesa. The values are derived from the static light scattering data
using the analytical approach described by Roth et al. [76], with allowance for the
Coulomb interactions (see Appendix C).

Re
sol [Cholate]wa

(mM)
[Cholate]w,int

a

(mM)
Aw

a (mM3/2) R2 P0
a

LUV 0.877±0.058 6.65±0.35 0.23±0.01 0.88±0.26d 0.988 1.1×105

SUVb 0.709±0.042 4.31±0.35 0.16±0.01 0.10±0.35 0.996 1.4×105

SUVc 0.624±0.020 5.08±0.07 0.23±0.00 0.88 0.994 9.5×104

a [Cholate]w is the bulk aqueous cholate concentration. [Cholate]w, int is the aqueous
cholate concentration at the aggregate surface, corrected for the Coulomb effect. Aw is a
fitting parameter that takes into account the micellar scission energy. P0 is the partition
coefficient of cholate into the phosphatidylcholine–cholate mixed aggregates.

b Owing to the low scattering intensity of the aggregates formed from the SUV, we
were unable to conduct measurements with highly diluted SUV. This precluded us from
studying the deviation from linearity at low lipid concentrations and thus from
accurately calculating the Awvalue for the SUV; the mentioned value is likely
underestimated.

c Calculations done with the Aw derived from the LUV data, for at least a rough
approximation.

d The result corresponds to a scission energy of 2�=9.5–10.0 kBT, if 0.2bResatb0.35.
Roth et al. [76] obtained a higher value for octylglucoside (19.5 kBT) and heptylglugo-
side (18.0 kBT), suggesting comparably high spontaneous curvature of cholate
containing aggregates.
with unilamellar vesicles blendedwith fully ionised sodium cholate at
pH=10.25. We varied lipid concentration, starting with the lowest
properly explorable value of 1 mmol kg−1, and also changed cholate
concentration, as have been done by many researchers before.
Additionally and importantly, we explored the starting vesicle size
(2rv=45 nm–120 nm) effect to explore the influence of lipid bilayer
curvature on lipid solubilisation and mixed micelle formation.

The size-standardised measurements uncovered several new
features. For example, we have now found out that the cholate-
induced initial vesicle size decrease is greater for the originally large
than for the originally small vesicles. Quantitative data analysis
confirmed that the difference is mainly due to the broadening of
shape-fluctuation spectrum with the mixed bilayer vesicle surface
area. In contrast, we found the suspension optical density increase
before complete vesicle solubilisation to be bigger for the originally
small than for the originally large vesicles. The small, 45 nm vesicles
thus require around 30% less cholate for complete solubilisation than
the larger, 120 nm vesicles. Surprisingly, the former nonetheless form
approximately twice as large mixed amphipat micelles.

Simplephenomenological parameterisationof optical densityvs. total
cholate concentration curves suggests that vesicle-to-micelle transfor-
mation size-wise predominantly involves two largely parallel phenom-
ena. It stands to reason that the first is associated with an apparent,
gradual aggregate size decrease; it involves progressive bilayer destabi-
lisation, bilayer fragment- and detached thread micelle formation, and
finally micellar diminution. The second process increases the apparent
aggregate size; it mainly involves bilayer fusion or vesicle reformation
and/or formation of bilayer-attached thread-like protrusions.

From the morphological viewpoint, the originally spherical vesicles
arguably become aspherical due to surfactant incorporation. The reason
is cholate-dependent bilayer softening and enhancement of bilayer
fluctuations, which promotes irregular vesicle forms. The mixed
amphipat vesicles compensate for some of the excess area that results
from the surfactant binding to the outer bilayer half by forming thread-
likeprotrusions. Arguably, the surfactant concentration at the endof any
relatively thin structure is higher than in the less curved cylinder or
bilayer part. It furthermore stands to reason that aggregate surface
fluctuations provoke inhomogeneous surfactant distribution in the
mixed amphipat bilayers. The resulting local surfactant accumulation
catalyses transbilayer pore formation, more frequently and/or likely
when lipid-solubilising surfactant concentration is approached. Strong
fluctuations/protrusions and/or pores increase the probability for, first,
vesicle re/fusion and, second, bilayer fragmentation.

Our experimental observations are at least semi-quantitatively in
accord with the prevailing theoretical bilayer elasticity model results.
The available models would have to be refined (or combined with
further theories) to describe our findings completely and quantita-
tively. This remains to be done.

The popular three-stage bilayer solubilisation model is convenient
but potentially misleading. For better accuracy and broader applica-
bility we advocate replacing it with the more realistic continuous (i.e.
bicontinuous and parallel) transformation model, in which aggregate
curvature plays an important role. The starting vesicle size effect
precludes determination of bilayer-saturating surfactant concentra-
tion from light scattering or size results alone. More fundamentally,
any such concentration value is an ill-defined quantity, due to
inhomogeneous surfactant distribution along (and across) the
mixed aggregate surface.

The presumption of constant and laterally uniform aggregate
composition is not tenable in any solubilisation model, owing to
interdependency of local aggregate composition and curvature. This
causes small vesicles to solubilise more readily than large bilayer
aggregates, and then surprisingly to form (at least for some time)
relatively large mixed micelles. Inhomogeneous surfactant distribution
moreover helps explain—together with the bilayer barrier to surfactant
transport—why a vesicle-to-micelle transition is not simply a mirror
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pictureofmicelle-to-vesicle transformation. The latter is dominated and
controlled by the final mixed aggregate composition. It thus produces
similar final results so long as the rate of relative composition change
remains the same. In contrast, the surfactant-induced vesicle solubilisa-
tion typically creates a plethora of intermediate structures. Some are
long-lived and differ in size despite their similar composition. Kinetic
trapping is an additional, and relatively more likely, problem encoun-
tered during vesicle solubilisation studies.

Appendix A. The dissociation constant shift

The primary reason for different molecular dissociation in an
aqueous bulk and at a lipid bilayer–water interface is the local
dielectric constant variability. Relative permittivity of an aqueous
buffer is typically between 70 and 80. Lipid bilayer core has a
dielectric constant around 2.5. Lipid bilayer–water interface is
somewhere in between (for a phosphatidylcholine–water interface
the dielectric constant value normally changes between 20 and 40
over a distance of ~0.5 nm [77]).

The secondary effect underlying apparent dissociation constant
shift is the modification of the local proton concentration by H+

attraction toward a negatively charged surface or repulsion from a
positively charged surface. Cholate binding to a bilayer introduces
negative charges onto the latter. The resulting local pH shift effectively
increases interfacial acidity, due to the Coulomb attraction between
the positive protons and the negative surface. The Gouy–Chapman
approximation [77,78] is useful for estimating the shift, as it provides
the electrostatic surface potential value, ψ, as a function of bilayer
bound cholate molecule fraction, interfacial dielectric constant, and
bulk salt concentration. From the calculated interfacial electrostatic
potential value one can derive the pH shift originating from the
Coulomb interactions: ΔpH=log[exp(−e0ψ/kBT)]=−e0ψ/2.3kBT,
where e0 is the elementary electric charge (1.602×10−19 C), kB the
Boltzmann constant (1.38×10−23 JK−1), and T the absolute temper-
ature. If the mole fraction of the negative molecules in a planar bilayer
is xe=0.175, for example, the difference amounts to ΔpH≈−1; for
molar fraction xe=0.521 the difference is ΔpH≈−2 (both at 25 °C,
for bulk ionic strength=150 mM, and neglecting the non-Coulombic
contributions).

pH at a membrane surface should therefore exceed pKa
mem+2 to

ensure complete (N99%) ionisation of bound cholate molecules. An
even safer choice is pH=pKa

mem+3. This corresponds to a bulk pH
exceeding pKa

mem−ΔpH+2 (or 3).

Appendix B. Dependence of the effective bilayer rigidity on the
average vesicle size

To account for the dependence of apparent vesicle size changes
upon addition of low cholate concentration (region A) on initial
vesicle size (Figs. 2–4)we used themathematical approach derived by
Helfrich [40]. This describes the dependency of effective bilayer
rigidity on average vesicle size and allows calculation of the softening-
induced vesicle size diminution.

Let us write the effectivemole fraction of bilayer associated cholate
as:

xe =
Cb

Cb + L
ðB1Þ

and the mole fraction of free cholate in the bulk aqueous solution
as:

xw =
Cw

Cw + W
≈Cw

W
; ðB2Þ
where Cb is the bound and Cw the bulk cholate concentration. L is
the molar lipid and W≈55.5 M the molar water concentration. The
commonly used definition of the apparent cholate partition
coefficient between water and lipid bilayer is:

P =
xe
xw

: ðB3Þ

It should be replaced, in the simplest approximation, with an
expression that allows for the Coulomb interaction:

P0 =
xe

xw: exp −φ½ � ; ðB4Þ

where φ is the bilayer surface dimensionless electrostatic potential.
Eq. (B4) conveniently accounts for the Coulomb interactions between
the charged cholate molecules in solution and the charges at bilayer
surface through the electrostatic Boltzmann factor in the denomina-
tor. φ is related to the surface electrostatic potential, ψ, through the
relation φ=ze0ψ/kBT. In turn, the electrostatic surface potential
depends on cholate concentration at the bilayer surface (for further
details see [45,77,78]). For the sake of simplicity, we did not separate
the effect of the Coulomb interactions on cholate partition coefficient
and true bending rigidity of bilayers. We rather used their apparent
values, as follows. Based on the published and on our own
unpublished data we estimated the intrinsic “partition coefficient”
of cholate in SPC lipid bilayers to be around 1.5×104. From this value
we calculated the apparent cholate partition coefficient as a function
of lipid and total cholate concentration, allowing for the Coulomb
electrostatic effects [45,77,78].

By combining Eqs. (B1)–(B3) and considering the relationship
CTot=Cb+Cw we then got:

P≈ CbW
Cb + Lð ÞCw

≈ CbW
Cb + Lð Þ CTot−Cbð Þ : ðB5Þ

We calculated Cb as a function of total cholate concentration by
numerically solving Eq. (B5) and then derived xe from Eq. (B1).

To assess the cholate concentration effect on the average vesicle
size we first expressed the total (outer+inner) surface area of a
spherical bilayer vesicle as:

Av = 4πr2v + 4π rv−dmemð Þ2; ðB6Þ

rv being the vesicle radius and dmem the bilayer thickness (which we
took to be 4 nm, as is appropriate for a typical fluid-phase
phospholipid). From the starting vesicle area, Av,0 (i.e. Av at xe=0)
we obtained the average number of lipid molecules in each vesicle

NL =
Av;0

AL
ðB7Þ

in terms of the average area per lipid molecule in a bilayer, AL, which
we took to be 0.65 nm2. The number of cholate molecules in each
mixed bilayer vesicle is then:

NC xeð Þ = xe
1−xe

NL: ðB8Þ

AC is the average area of a cholate molecule in the mixed bilayer
(AC≈0.40 nm2). The total (outer+inner) surface area of a mixed
bilayer vesicle is correspondingly:

Av xeð Þ = 1 +
xe

1−xeð Þ
AC

AL

� �
Av;0: ðB9Þ
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Calculation of a mixed, spherical vesicle diameter, or radius, as a
function of bilayer associated cholate concentration can be done by
numerically solving Eq. (B9) after inserting Av,0 and Av(xe) from
Eq. (B6).

We finally refined the apparent mixed bilayer vesicle size
calculation by using the mathematical approach introduced by
Helfrich [40]. We accordingly took the difference between the
intrinsic and the apparent outer surface of a bilayer vesicle to be:

Av; outer−Av; outer; app = r2v
kBT
2κ

lnM: ðB10Þ

kB is the Boltzmann constant (1.38×10−23 JK−1), T the absolute
temperature, and κ the intrinsic, “true”mixed bilayer bending rigidity
(which is a function of the cholate concentration in the bilayer).

In the spirit of the Helfrich model we identified the total number of
modes on a vesiclewithM=NC/2+NL, thus clarifying that this quantity
depends on cholate concentration in the bilayer as well. By rewriting
Eq. (B10) in terms of the vesicle radius we obtained:

r2v−r2v; eff = r2v
kBT
8πκ

lnM; ðB11Þ

rv; eff = rv 1− kBT
8πκ

lnM
� �0:5

: ðB12Þ

We combined Eqs. (B5), (B9), and (B12) to analyse the dynamic light
scatteringdata. For this purpose,weprogrammed aMathcad calculation
sheet (Mathcad version 11.0b, Mathsoft Engineering & Education, Inc.,
Cambridge, MA, USA). We show the results in Table 2 and Fig. 6.

To analyse the static light scattering data with the same mathemat-
ical approach onemust consider that the intensity of the light scattered
by an aggregate particle is a power-function of the average (presumably
spherical) aggregate radius [79,80]. We calculated the corresponding
exponent within the framework of the Rayleigh–Gans–Debye approx-
imation for the hollow spheremodel [80] to be3.00–3.33 for thevesicles
with the average radius in the range 60–50 nm.

Appendix C. The small mixed micelle composition at the total
cholate concentration that ensures complete lipid solubilisation

We used the mathematical model developed by Roth et al. [76] to
determine themolecular composition of themixed aggregates comprised
of the solubilised phospholipid and cholate molecules. The model
accounts for the finite size of the thread-like micelles and also considers
the inhomogeneous cholate distribution between the central micelle part
and the end-caps. The total surfactant concentration

CTot = Cw +
LM
L
Rsol
e + 1− LM

L

� �
Rsat
e

� �
L− Aw

α0:5L0:5
ðC1Þ

is a function of the bulk surfactant concentration, Cw, the total lipid
concentration, L, and the solubilised (i.e. micellar) lipid concentration, LM.
Re
sat defines the maximum achievable surfactant molar ratio in a vesicle

bilayer (i.e. the saturation limit) and Re
sol the surfactant molar ratio

ensuring complete lipid solubilisation into mixed micelles within the
framework of the three-stage solubilisation model. The effective
surfactant molar ratio in an aggregate is generally given by: Re=Cb/L,
where Cb is the lipid-associated (i.e. bound) surfactant concentration.

Aw is an adjustable parameter that takes into account the scission
energy [76]. Scission of a thread-likemicelle is a physical process resulting
in creation of two end-caps. To create an end-cap from the cylindrical part
of amicelle anenergy � is required; the energy2� is thus called the scission
energy [81]. According to Kozlov et al. [82] andRoth et al.[76], the scission
energy should be qualitatively smaller for a surfactant with a higher
spontaneous curvature, which typically corresponds to shorter hydrocar-
bon chains. For a surfactant requiring lower scission energy the phase
boundaries should deviate from the straight line over a broader
concentration range, beginning already at high lipid concentrations and
extending toward the low concentration end [76].

An alternative form of Eq. (C1), written in terms of the relative
lipid concentration in micelles, α=LM/L, is:

CTot = Cw + αRsol
e + 1−αð ÞRsat

e

h i
L− Aw

α0:5L0:5
: ðC2Þ

Eq. (C2) is useful forfittingdatameasuredwith aggregates of known and
constant composition. Our turbidimetric measurements can quantita-
tively and reliably reveal only the effective surfactant molar ratio in the
small micellar aggregates, Resol, for which α=1, and thus:

CTot = Cw + Rsol
e L− Aw

L1=2
: ðC3Þ

The negatively charged cholate molecules in mixed amphipat
aggregates affect the surfactant distribution between micelles/vesicle
bilayers and bulk solution. To assess more properly the association
(expressed here for the sake of convenience as partition coefficient) of
cholate in the tested aggregateswe included the Coulomb interactions
into our data analysis (but neglected for the sake of simplicity all the
non-Coulomb effects). To this effect, we expressed the surface charge
density

σ Reð Þ = ze0
Re

AL + ReAC
ðC4Þ

as a function of the aggregate bound, charged surfactant valence,
z=1, themolar ratio of the charged surfactant in the aggregate, Re, the
elementary electric charge, e0=1.602×10−19 C, the area per surfac-
tant molecule in the mixed aggregates, AC, and the area per lipid
molecule in the mixed aggregate, AL.

Another important system descriptor is the Debye screening
length, λD, which describes the electrostatic interaction reach. For a
symmetricmonovalent (i.e. 1:1) electrolyte solutionwith the bulk salt
concentration Cel one can express the Debye length as:

λD =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε0εrkBT

2000e20NACel
:

s
ðC5Þ

ε0 is the permittivity of free space (8.8542×10−12 As/Vm), εr the
relative permittivity (i.e. the dielectric constant) of the bulk solution,
kB the Boltzmann constant, T the absolute temperature, and NA the
Avogadro's number (6.02205×1023 mol−1).

For a spherical surface, which we use herein as the simplest
possible proxy for the small mixed micelles, in a 1:1 electrolyte, the
relationship between the electrostatic potential and the surface
charge density is [83]:

σ =
ε0εbkBT
λDe0

·2 sinh
φ
2

� �
· 1+

2λD

rv cosh
2 φ

4

� � +
8λ2

D ln cosh
φ
4

� �� �
r2v sinh

2 φ
2

� �
2
64

3
75
0:5

:

ðC6Þ

εb is the local dielectric constant near the surface associated charges
and φ the normalised dimensionless electrostatic potential at the
micellar surface. We used Eq. (C6) to calculate φ and then the surface
electrostatic potential, ψ=φkBT/ze0, from the surface charge density,
σ (for the much larger, and thus quasi-planar, bilayer vesicle surface
one would have to use the corresponding Gouy–Chapman expression
for a planar surface instead of Eq. (C6)). The effective mole fraction of
cholate in the mixed aggregates, xe, the cholate mole fraction in the
bulk solution, xw, and the cholate partition coefficient in the mixed
micelles is then derivable from Eqs. (B1), (B2), and (B4), respectively.
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Appendix D

Our experimental data suggest that the structural conversions
observed with the mixed phosphatidylcholine–cholate aggregates
could involve two bicontinuous, parallel aggregate size changes. To
corroborate the plausibility of such notion, and to mimic the
measured optical density vs. total cholate concentration curves, we
combined two sigmoidal functions, each with the following basic
mathematical form:

f x; x0; Sð Þ = 1
1 + exp S x−x0ð Þ½ � : ðD1Þ

We assumed the first sigmoidal function to be centred around x0
and to have the width described by S. We postulated the second
sigmoidal curve to have a width different by dS and to be shifted
relative to the first curve by dx0, i.e. we assumed the second curve
centre to be at x0+dx0 and the second curve width to be S+dS. We
moreover postulated the second sigmoidal function to differ from the
first one in height by a factor of n, by writing:

f1 + 2 x; x0; S; dx0;dS;nð Þ = f x; x0; Sð Þ−n · f x; x0 + dx0; S + dSð Þ ðD2Þ

We then assigned different ad hoc values to each adjustable
parameter of such purely phenomenological model. Certain tested
parameter combinations simulated qualitatively each curve form
those found in our static light scattering data, as is illustrated in Fig. 9.

We do not doubt that we could achieve an even closer match by
optimising the adjustable parameter values. This proves to us that a
simple combination of two parallel processes—one increasing and one
decreasing the average aggregate size—can explain the main features
of the cholate-induced vesicle transformation into small mixed
amphipat micelles. To elucidate the finer features, such as tailing,
further and/or more complicated processes need to be invoked.
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