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ABSTRACT Small-angle neutron scattering (SANS) and dynamic light scattering (QLS) are used to characterize the aggre-
gates found upon dilution of mixed lecithin-bile salt micelles. Molar ratios of lecithin (L) to taurocholate (TC) studied varied from
0.1 to 1, and one series contained chotesterol (Ch). Mixed aggregates of L and taurodeoxycholate (TDC) at ratios of 0.4 and
1 were also examined. In all cases the micelles are cylindrical or globular and elongate upon dilution. The radius of the mixed
micelles varies only slightly with the overall composition of lecithin and bile salt which indicates that the composition of the
cylindrical micelle body is nearly constant. The transition from micelles to vesicles is a smooth transformation involving a region
where micelles and vesicles coexist. SANS measurements are more sensitive to the presence of two aggregate populations
than QLS. Beyond the coexistence region the vesicle size and degree of polydispersity decrease with dilution. Incorporation
of a small amount of cholesterol in the lipid mixture does not affect the sequence of observed aggregate structures.

INTRODUCTION

Along the physiological pathway of bile, cholesterol is al-
ternately solubilized by lecithin vesicles and lecithin-bile salt
mixed micelles. At a low bile salt secretory rate, lecithin-rich
vesicles become the major cholesterol carriers in hepatic bile
(Lee et al. 1987). Between meals hepatic bile is diverted to
the gallbladder for storage. During storage in the gallbladder,
bile is concentrated and the vesicles transform into mixed
lecithin-bile salt micelles. After a meal, the gallbladder emp-
ties, and dilution of bile upon entering the intestine causes
the micellar cholesterol carriers to revert to lecithin-rich
vesicles. The intermediate structures formed during the
micelle-vesicle transition, and the vesicles themselves, are
believed to be important substrates for effective enzyme ac-
tivity during breakdown of phospholipids and triglycerides
for intake by the body (Hofmann and Mysels, 1988).
Knowledge of the structural transitions and the forces that
drive them from a thermodynamic standpoint is necessary to
guide understanding of mechanisms of enzyme activity in the
intestine, protein reconstitution in model membranes, or cho-
lesterol nucleation and gallstone growth in the gallbladder.
Much research to date has focused on the effects of surfactant
concentration, the relative composition of surfactant mix-
tures, and the aggregative properties of individual surfactants
on the vesicle-to-micelle transformation. These studies have
used various experimental techniques including turbidity
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measurements (Almog et al., 1986, 1990; Lichtenberg et al.,
1979), static and dynamic light scattering (Almog et al.,
1986, 1990; Mazer et al., 1980, 1984, Schurtenberger et al.,
1985, Stark et al., 1985), fluorimetry (Almog et al., 1990;
Reda and Spink, 1987, Schubert and Schmidt, 1988) and
NMR (Almog et al., 1990; Lichtenberg et al., 1979, Stark
et al., 1983, 1985). Experimental determination of the ag-
gregate structure has also been attempted by small-angle neu-
tron scattering (Hjelm et al., 1988, 1990, 1992), small angle
x-ray scattering (Muller, 1981) and cryo-transmission elec-
tron microscopy (Vinson et al., 1989, Walter et al., 1991).

The focus of this paper is determination of the progression
of aggregate structures that occur on dilution of a concen-
trated lecithin-bile salt solution. Mechanistic descriptions of
this transition in lecithin-bile salt solutions have relied
mainly on the “mixed disk” model of the micelle structure
(Magzer et al., 1980). This model successfully describes the
increase of the apparent hydrodynamic radius, as measured
by dynamic light scattering, of the micelles with dilution.
Along a dilution path the apparent hydrodynamic radius ini-
tially increases to a maximum size and then decreases with
further dilution. This increase in size is interpreted in terms
of the mixed disk model as radial growth of disk-shaped
micelles. In this view, a bilayer of lecithin interspersed with
dimers of bile salt forms the body of the disk while a ring of
bile salt surrounds the perimeter of the micelle body and
reduces the unfavorable exposure of the lecithin hydrocarbon
tails to the external aqueous solution. Dilution of the micelle
solution leaches bile salt from the micelles to maintain an
intermicellar monomer concentration (IMC). The disks coa-
lesce to balance the remaining bile salt with the total area of
exposed edges. The disk micelles are postulated to con-
tinue to grow in this fashion upon dilution until there is
no longer sufficient bile salt to stabilize the edges. At this
point the large disks or sheets are assumed to fold spon-
taneously into vesicles, and the apparent hydrodynamic
radius decreases.
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Small-angle neutron scattering studies have since shown
that in concentrated solutions lecithin-bile salt aggregates are
not disks, but cylindrical micelles (Hjelm et al., 1988, 1990,
Long, 1993, Long et al., 1994) in which the lecithin mol-
ecules are oriented radially along the aggregate axis and the
bile salt molecules lay flat at the interface (Hjelm et al., 1992,
Nichols and Ozarowski, 1990). Upon dilution, these micelles
first elongate, then apparently form large lamellar sheets that
ultimately fold to form unilamellar vesicles. Elongated mi-
celles have been directly observed using cryo-transmission
electron microscopy following the dissolution of lecithin
vesicles by addition of sodium cholate (Walter et al., 1991).
Though the micelle shape in the original mixed disk model
is in error, the idea that growth follows the extraction of the
more soluble surfactant is attractive and probably correct.
Rewriting the model in terms of elongational growth of the
micelles, as opposed to radial growth, predicts the same in-
crease of the apparent hydrodynamic radius (Nichols and
Ozarowski, 1990).

Here we report the results of small-angle neutron scatter-
ing and dynamic light scattering measurements of lecithin-
bile salt mixtures in aqueous solution. From these data we
obtain quantitative information about the structure and com-
position of lecithin-bile salt aggregates. The transition from
micelle to vesicle is monitored as a function of the lecithin
to bile salt molar ratio, the amount of cholesterol, the total
lipid concentration, and type of bile salt. The micelle to
vesicle transition is continuous with a region near the mi-
cellar phase boundary over which micelles and vesicles co-
exist. The findings reported here closely parallel those ob-
tained from cryo-transmission electron microscopy images
of vesicle dissolution by sodium cholate (Walter et al., 1991).

MATERIALS AND METHODS
Materials

Egg yolk lecithin (received in chloroform or hexane), sodium taurocholate
(TC), sodium taurodeoxycholate (TDC), and cholesterol were obtained from
Sigma Chemical Company (St. Louis, MO). All lipids were of analytic grade
and were used as received.

Solutions

Solutions of lecithin and the appropriate bile salt were made using the
method of coprecipitation (Almog et al., 1990). Lecithin and bile salt were
dissolved in a methanol/chloroform mixture, and the solution was dried
under nitrogen in a rotating scintillation vial to produce a thin film. These
films were further dried under vacuum until they reached a constant dry
weight (typically 4 to 5 days). For samples containing cholesterol, the cho-
lesterol was dissolved in chloroform and added to the lecithin-bile salt so-
lution before drying. Appropriate amounts of D,O saline solution (0.15 M
NaCl) were added to make stock solutions of 5 g/dl total lipid. The 5 g/dl
concentration includes cholesterol when it is in the sample, and the molar
ratios for such samples are given as (L + Ch)/BS. These stock solutions were
diluted to the final concentrations used in the experiments, and ali samples
were sealed under argon and stored at 25°C for at least two days. This
procedure has been shown to be sufficient to prevent degradation of the
lecithin for several weeks (Little et al., 1993). All stock solutions for light
scattering were filtered through Gelman 0.22 p Acrodisk-13 filters. Dilu-
tions were made with similarly filtered saline solutions. These samples were
sealed under argon in 5 ml acid-washed ampules.
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To construct the L-TC-H,O phase diagram, lecithin films were made as
above in 2 ml screw cap vials. After achieving a constant dry weight the
appropriate amounts of saline and dry bile salt were added. Phase obser-
vations were recorded over a period of four weeks.

Methods

Light scattering measurements were made using a home built apparatus
(Douglas and Kaler, 1991) employing a Langley-Ford model 1080 corr-
elator and a 2W Lexel Ar* laser operated at 488 nm wavelength. The meas-
ured autocorrelation functions were analyzed for the first and second cu-
mulant of a cumulant fit (Koppel, 1971). The first cumulant provides an
estimate of the apparent diffusion coefficient and the second cumulant is a
measure of the polydispersity. The data are reported in terms of the spherical
equivalent hydrodynamic radius using the Stokes-Einstein equation

R, = kT/67mmD, ®

where k is the Boltzmann constant, T is the temperature (25°C), 7 is the
solvent viscosity, and D is the diffusion coefficient obtained from the first
cumulant.

Small-angle neutron scattering measurements were made at the Oak Ridge
National Laboratory (ORNL, Oak Ridge, TN) and the National Institute of
Standards and Technology (Gaithersburg, MD). The samples were meas-
ured in quartz cells of 0.2 cm pathlength using neutrons with wavelengths
(M) of either 4.75 A or 7 A. Background contributions of the solvent and any
residual instrument background scattering were subtracted from the meas-
ured scattering curves. The intensities were placed on an absolute scale using
standards supplied by the neutron facilities. The scattered intensity is re-
ported in terms of the magnitude of the scattering vector q = 47/A sin(6/2)
where @ is the scattering angle. The procedures used to analyze the data are
given in the Appendix.

RESULTS AND ANALYSIS

The structural transitions of lecithin-bile salt mixtures are
observed as a function of the total surfactant concentration,
ratio of lecithin to bile salt (L/BS), the type of bile salt (tau-
rocholate (TC) or taurodeoxycholate (TDC)), and the con-
centration of cholesterol. The samples are made by diluting
5 g/dl total lipid stock solutions of a given overall molar ratio
of lecithin and bile salt. Depending on the bile salt species
and the concentration of cholesterol, these stock solutions
range from about 77 to 90 mM. At high water contents, the
dilution paths approach, but do not cross, the equilibrium
phase boundary that separates the isotropic micellar region
and a two-phase region that consists of a clear inviscid upper
phase and precipitated bilayers (Fig. 1). No precipitated la-
mellar phases appeared in the samples prepared for the scat-
tering experiments.

The apparent hydrodynamic radius measured by dynamic
light scattering of equimolar lecithin and taurocholate
samples (Fig. 2) shows the expected increase in size with
dilution. The maximum apparent radius is approximately 500
A at a concentration of 12.8 mM. Beyond this transition point
both the apparent particle size and the polydispersity, as de-
termined from the second cumulant (not shown), decrease.
The measured correlation function of the 4x dilution (19.1
mM) is best fit by a double exponential decay, which sug-
gests the presence of a bimodal population of aggregates. The
hydrodynamic radii calculated from the fits to the neutron
data (Eqs. A.9 and A.10) are also included in Fig. 2. Mea-
surements along dilution paths for other ratios of L/TC are
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FIGURE 1 L-TC-H,O equilibrium phase diagram (> 97.5 wt% water).
The phase boundary between the isotropic micellar region and the two phase
lamellar region is marked by the solid line. Dashed lines indicate the dilution
paths sampled in the scattering experiments. Aggregate shapes found in
different regions of the phase diagram are plotted where e = ellipsoidal
micelles, ¢ = cylindrical micelles, c/v indicates where micelles and vesicles
coexist, and v = vesicles.

similar. The maximum apparent particle size occurs at lower
concentrations as the lipid ratio decreases and is 6.50 mM for
L/TC = 0.8 and 4.14 mM for L/TC = 0.4. The hydrodynamic
radius of the L/TDC = 1 series peaks at a much lower total
lipid concentration of 1.72 mM.

After 48 h of equilibration, further dilution of samples that
are already at or beyond the maximum particle size does not
produce any change in the aggregate size, in agreement with
previous reports (Schurtenberger et al., 1985). Further, it was
observed that dilution of a concentrated micellar solution
(L/TC = 0.8,26.0mM, R, = 60 A) reproduces the aggregate
sizes of the original dilution path. However, dilution of a less
concentrated micellar sample (13.0 mM, R, = 140 A) of
the same series gives aggregates with R, = 400 A, but they
do not produce the anticipated decrease in size at lower
concentrations.

The small-angle neutron scattering (SANS) spectra plainly
illustrate the evolution of the aggregate morphology with
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FIGURE 2 Hydrodynamic radius as a function of total lipid concentration
for L/TC = 1 as measured by dynamic light scattering (open circles) and
calculated from the fits to the neutron data (filled circles). The autocorre-
lation function of the 19.1 mM sample was best fit by a double exponential
function and the resulting hydrodynamic radii are 130 A and 550 A.

dilution. For these experiments, dilution series were made
along the paths L/TC = 0.1, 0.4, 1, and L/TDC = 0.4 and
1. An additional series of L/TC = 0.4 with 10% cholesterol
was also measured. All samples for neutron scattering were
made by direct dilution of 5 g/dl stock solutions with no
intermediate equilibration steps. Fig. 3 shows the scattering
curves of the dilution series with molar ratio L/TC = 1 (initial
concentration 76.5 mM). The scattering spectra of this series
shows a transition from monotonic curves at high surfactant
concentrations to spectra exhibiting distinct maxima and
minima in the most dilute samples. The series of L/TC = 0.1,
0.4, and L/TC = 0.4 containing 10% cholesterol show the
same progression of scattering spectra.

The scattered intensity patterns of most solutions within
the micelle region of the phase diagram exhibit the charac-
teristic 1/q dependence of cylindrical micelles at interme-
diate values of q. The 20.7 mM samples of the L/TC = 0.4
series with and without cholesterol do not, however, and are
best fit as ellipsoidal micelles. Initial interpretation of the
micelle spectra begins with the modified Guinier analysis
(see Appendix). Fig. 4 shows the modified Guinier plots of
the intensity/gram surfactant for the L/TDC = 1 series. At
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FIGURE 3 Small-angle neutron scattering of a . ] 1
serial dilution of an equimolar 5 g/dl (76.5 mM) — 100 1 el 1
lecithin-taurocholate solution. The solid lines are E 1 b 1.28 mM
the fits to the data as described in the text. = 10 1 3.19mM
z ] 13.83 mM
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FIGURE 4 Modified Guinier plots of the spectra from samples with
L/TDC = 1. The curves increase at low q sequentially with dilution. The
shape of the curves of the 19.4 to 3.87 mM samples are characteristic of rigid
cylindrical particles of finite length. The peak at low q for higher dilutions
suggests the presence of bilayer structures. The inset shows the same plot
over a larger q-range.

high q (inset of Fig. 4), the spectra collapse to a common
profile. This implies that the micelle radius is approximately
constant with total surfactant content. The apparent radius
determined from the slope of the curve in this region is con-
stant as the concentration decreases from 4.78 to 2.73 mM
(Table 1). On the other hand, the apparent radius of the most
concentrated samples of the L/TC = 0.4 and L/TC = 1 series
increases markedly with dilution over a smaller concentra-
tion range, and the high q region of the modified Guinier
plots for the most concentrated samples with L/TC = 0.4 do
not overlay one another (not shown). The lower radius of the
ellipsoidal micelles is consistent with the limitation of the
modified Guinier approximation for particles of finite length
(Hjelm, 1985).

Qualitative information about the length of the particles is
obtained from the low q portion of the modified Guinier plot.
The magnitude of the low q portion of the curve increases

TABLE 1 Apparent cylindrical radius from modified Guinier
analysis

Molar-ratio Concentration Radius
L/BS (mM) A)

L/TC = 0.1 2.99 242 (22)
2.49 25.6 (2.9)

L/TC =04 20.7 19.4 (0.6)
10.4 23.6 (0.4)

6.90 279 (0.4)

L+CWTC = 0.4 10.6 25.8(0.9)
LTC =1 38.3 22.3(1.5)
19.1 24.7 (0.6)

12.8 26.1 (0.3)

L/TDC =1 19.4 20.6 (0.7)
4.84 25.8(0.5)

3.87 245(1.2)

322 26.8 (0.9)

2.76 26.1(1.0)

The radii obtained from the modified Guinier plot are apparent dimensions
that have not been corrected for the distribution of scattering lengths within
the aggregate.
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with decreasing concentration. This increase is consistent
with both increasing micelle length and the lessening of in-
terparticle interactions. The maximum of each curve indi-
cates the point where the scattering experiment probes dis-
tances within the solution that are less than 1/L. The fact that
the maximum moves to lower q with decreasing concentra-
tion is again consistent with particle growth. The shape of the
curves of Fig. 4 for samples from 19.1 to 3.83 mM is con-
sistent with that expected for a rigid cylindrical particle. The
curve increases with q and then smoothly turns over and
decays linearly, with a constant slope, to the highest q meas-
ured. The intensity of the most dilute sample (2.13 mM) also
increases with q at low q, but then decreases in two stages.
The initial intensity decrease is steep, and it then levels out
to parallel the high q regions of the other curves. This be-
havior has been associated with flexible cylindrical micelles
(Marignan et al., 1989), and is also observed for the L-TC
samples that contain both micelles and vesicles.

The micelle dimensions determined from the fits to the
entire spectra are given in Table 2. All spectra in the series
L/TDC = 0.4 are well fit to the scattering model for cylin-
drical micelles (Fig. 5). The most dilute sample in this series
has a concentration of 0.75 mM TDC and 0.3 mM L (80x
dilution). The estimated IMC, calculated as described in the
Appendix, is included in Table 2. The IMC decreases with
overall surfactant concentration, and the IMC of TC is higher
than that of the more hydrophobic TDC.

For the lecithin-taurocholate mixtures, a maximum ap-
pears in the scattering curve when the sample concentration
is close to the phase boundary. In this case, the maximum
indicates the appearance of vesicles, however, the scattering
data at q > 0.04 A~ show the characteristic 1/q dependence
of cylindrical particles. For samples in this region, the data
are fit by assuming the measured scattered intensity is the
sum of the intensity of a population of both cylindrical mi-
celles and vesicles (Eq. A.7, Table 3). Although no maximum
is readily apparent, the 19.1 mM sample of the L/TC = 1

TABLE 2 Micelle dimensions and IMCs derived from fits to
SANS data

Molar ratio Concentration Radius Length IMC
L/BS (mM) A) A) (mM)
L/TC = 0.1
4.48 24 110 31
2.99 24 700 2.6
2.49 24 700 21
L/TC = 04 20.7* 25 35
10.4 22 105 52
L+Ch/TC = 04 21.1* 25 35
10.6 21 125
L/TC =1 38.3 22 280 49
L/TDC = 0.4 21.1* 20 25
422 20 50 21
1.69 20 75 1.0
1.41 20 100 0.97
1.20 20 100 0.76
1.05 20 150 0.74

* Prolate ellipsoid. The dimensions given are the semi-minor and semi-
major axes.
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FIGURE 5 Small-angle neutron scattering of a serial dilution of a 5 g/dl

(84.3 mM) lecithin-taurodeoxycholate solution with a molar ratio of 0.4. The
solid lines are the fits to the data as described in the text.

TABLE 3 Mixed micelle*-vesicle* samples in L/TC = 1 series

Number of micelles as

Concentration of aggregate IMC
(mM) population (mM)
19.1 99%
12.8 68% 29
9.56 24% 3.0

* Micelle apparent radius 22 A length 800 A.

* The outer vesicle radius is fit to 462 A assuming a bilayer thickness of 32
A. The SD of the radius is 100 A and represents the spread of the vesicle
size, not an error estimate for the parameter.

series is also best fit by assuming a mixture of vesicles and
micelles. The samples containing both micelles and vesicles
are plotted in Fig. 1. The larger radii and long micelle lengths
of the fits to the three most concentrated samples of the L/TC
= 0.1 series might also reflect the presence of vesicles, but
the spectra of these samples do not have the low q data nec-
essary to distinguish the signature scattering from vesicles.

With the average scattering length density of the vesicles,
one can estimate the amount of surfactant distributed be-
tween the micelles and vesicles in the samples in which the
aggregates coexist. The only free parameter in A, is ¢, the
volume fraction of lecithin in the vesicle, so fitting the data
allows determination of the volume fraction of the micelles.
The percentage of surfactant found in the micelles is given
in Table 3. The relative number of vesicles in solution in-
creases at the expense of the micelles with decreasing sur-
factant concentration.

Beyond the region of micelle-vesicle coexistence, the in-
tensity over the entire q range can be successfully fit to a
model of polydisperse vesicles (Fig. 6). The best fit of the
bilayer width is 32 A. The vesicle size and degree of poly-
dispersity are not affected by the presence of cholesterol. In
general, the size and degree of polydispersity decrease with
dilution, in agreement with the dynamic light scattering
measurements (Fig. 2). Other comments on these scattering
curves are given in the Appendix.

Reproducible time-dependent changes were observed dur-
ing the SANS experiment for samples near the phase bound-
ary. Fig. 7 shows the time progression of the scattering from
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FIGURE 7 Time-dependent changes of the SANS spectra of a 6.38 mM
solution of an equimolar mixture of lecithin and taurocholate. The inset
shows the hydrodynamic radius measured by QLS which shows little change
over the same period of time.

an equimolar L/TC sample at 6.38 mM. Initial measurement
of the sample produced a featureless scattering curve with log
I versus log q slope of -2, which is consistent with the
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existence of sheet-like structures, including very large
vesicles. Between 4 and 6 days distinct maxima and minima
appeared that are fit to a model of polydisperse vesicles with
an average radius of 302 A + 53 A. Subsequent remeasure-
ment 2 days later show no extrema in the scattered intensity,
and the log I versus log q slope remains at -2. No significant
variation of the size measured by dynamic light scattering is
observed under the same conditions.

DISCUSSION

The structural transitions observed in the L-TC system are
similar to those previously measured for mixtures of lecithin
and glycocholate (Hjelm et al., 1988, 1990) where the mi-
celles are ellipsoidal or globular at lecithin concentrations
above 20 mM when L/BS < 1. The micelle length increases
upon dilution for all lipid ratios studied. As the overall
sample concentration approaches the micelle/lamellar phase
boundary, polydisperse vesicles coexist with the micelles.
With continued dilution, the size and degree of polydisper-
sity of the vesicles decreases. The largest vesicles have radii
of 400 A to 600 A, in agreement with the estimate of 500 A
for the vesicles of lecithin and sodium cholate measured by
turbidity and electron microscopy (Almog et al., 1986). The
smallest vesicles have radii of 115 A to 140 A, sizes con-
sistent with predictions for the minimum size of pure lecithin
vesicles (Brouillette et al., 1982). The fitted bilayer width of
32 A is in line with previous estimates of the thickness of the
hydrocarbon region of the bilayer that range from 29.5 Ato
37A (Small, 1967, Cornell et al., 1980).

The structures determined from the SANS data correspond
well to the cryo-transmission electron microscopy (cryo-
TEM) images of lecithin and sodium cholate aggregates
(Walter et al., 1991). The minor discrepancies are attributed
to the fact that the cryo-TEM experiments followed the dis-
solution of vesicles by addition of cholate, and the sequence
of formation of the various surfactant aggregates probably
differs from the reverse process followed here. At high total
lecithin and bile salt concentrations Walter and co-workers
observed small mixed micelles similar to the ellipsoidal mi-
celles found here and reported elsewhere (Miiller, 1981).
With decreasing cholate content an isotropic solution of ex-
tremely long (2000 A - 3000 A) and flexible micelles was
found. Micelles of this length are not observed here, but may
be present in the region where micelles and vesicles coexist.
Reliable determination of the cylinder length by SANS is not
possible in the presence of large vesicles. The coexistence of
cylindrical micelles with lecithin vesicles was observed in
the cryo-TEM pictures at 9 mM lecithin with cholate con-
centrations between 6 mM and 7.25 mM (Walter et al., 1991).
Dynamic light scattering measurements confirm the presence
of two populations of aggregates (Fig. 2) in a mixture of 9.6
mM TC and 9.6 mM L. The more dilute samples of the L/TC
= 1 series (9.6 mM and 12.8 mM total lipid) do not exhibit
signs of a bimodal population in the QLS measurements,
even though two aggregate shapes are observed in the SANS
data (Fig. 3). This suggests that the micelles are long enough
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that the diffusion coefficient of the micelles is indistinguish-
able from that of the vesicles. For example, a cylindrical
micelle with an apparent hydrodynamic radius of 450 A
would have a length of approximately 4000 A, in line with
the dimensions established by the cryo-TEM measurements.

SANS spectra from samples containing both micelles and
vesicles can be misinterpreted. The coexistence of vesicles
and micelles interferes with the usefulness of the modified
Guinier plot to obtain structural information about the ag-
gregates. Although these spectra exhibit the 1/q dependence
of cylindrical micelles at high q, the contribution of the
vesicles to the scattering causes the cross-sectional radius of
gyration obtained from the slope to increase as the number
of vesicles increases. This effect is especially evident for the
L-TC samples that undergo the micelle-vesicle transition at
much lower concentrations than do the samples made of L
and TDC. The maxima and minima characteristic of vesicle
scattering do not appear in the L/TDC = 1 scattering curves
until the total surfactant concentration is less than 1.8 mM,
but evidence for the presence of vesicles before this point is
seen in the modified Guinier plot (Fig. 4). As the concen-
tration decreases the curves show an initial steep decrease
that levels out to parallel the slope of the plots for the more
concentrated samples. This same behavior is observed for the
L-TC samples with coexisting micelles and vesicles. The
upturn occurs because the asymptotic intensity scattered by
vesicles goes as q 2 instead of the ! dependence of the
scattered intensity of cylindrical micelles. The spectra of
flexible coils also go as q~2 (Kratky, 1982), and a similar
upturn in the modified Guinier plot of the scattered intensity
of cetylpyridinium bromide micelles has been attributed to
micelle flexibility (Marignan et al., 1989). It is not possible
to determine unambiguously whether the upturn is caused by
vesicles or flexible micelles in the L-TDC samples. The
samples may contain both structures as suggested by the
cryo-TEM images (Walter et al., 1991).

By fitting the entire g-range of the scattered intensity on
absolute scale, the SANS data provide information about the
distribution of surfactant between the aggregates that is not
available from the cryo-TEM technique or light scattering.
The transitions from micelles to vesicles occur as the bile salt
is redistributed between the micelles and the aqueous solu-
tion. The concentration of bile salt in the micelles decreases
with dilution because bile salt must maintain an external
monomer concentration (the IMC). The simplest view is that
the micelles consist of a mixed surfactant body capped on the
ends by bile salt. Upon dilution bile salt is extracted from the
ends to maintain the IMC, while the composition of the body
remains constant (Nichols and Ozarowski, 1990). Thus the
micelles grow with dilution, and the overall composition of
a micelle varies as the micelle length changes, with lower
L/BS ratios in shorter micelles. This simple mechanism sug-
gests that the cylindrical structure persists until there is no
longer sufficient bile salt to maintain the L/BS ratio in the
cylinder body. At this point the aggregates transform into
vesicles or bilayer sheets. This mechanism is supported by
the data presented here. The transformation occurs gradually
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and the population of vesicles increases as the number of
micelles decreases. This process is similar to the phase sepa-
ration of lecithin-octyl glucoside mixtures into a distinct
vesicle phase and a separate micellar phase (Almog et al.,
1990). It is important to note that the micelle-vesicle coex-
istence in lecithin-bile salt solutions is not true phase sepa-
ration, thus complicating quantitative analysis of the parti-
tioning of bile salt between the aggregates.

Qualitative information about the composition of the cy-
lindrical micelles is obtained from the fitted dimensions. The
scattering spectra of the cylindrical L-TDC micelles are fit
to an apparent radius of about 20 A that is constant with
changing surfactant concentration. The L-TC micelles are fit
using an apparent radius of roughly 22 A for both the L/TC
= 0.4 and L/TC = 1 series. Because the radius of a mixed
micelle will depend on composition when the two surfactant
components have unequal hydrocarbon tail lengths (Szleifer
et al., 1987), the constant micelle radius indicates that the
micelle body composition does not change with overall sur-
factant concentration or lipid composition. In addition, the
micelle length increases with dilution, reflecting the overall
increase of L/BS within the micelle as bile salt is extracted
to maintain the IMC. The calculated IMC values decrease
with decreasing concentration as observed previously for
lecithin-bile salt mixtures (Duane, 1975, 1977, Shankland,
1970). The IMC of TC is reported to lie between 2 mM and
5 mM for less than ~15 mM total lipid (Nichols
and Ozarowski, 1990, Duane, 1977, Donovan et al., 1991),
and the IMC of TDC varies from 0.55 mM to 3 mM (Nichols
and Ozarowski, 1990, Borgstrém, 1978). Both values are in
agreement with those in Table 2. The IMC represents both
the free monomer concentration and the concentration of bile
salt forming simple micelles when the IMC is greater than
the CMC of the bile salt. (The SANS of simple micelles is
expected to be negligible compared to that of the mixed mi-
celles and is not considered here.)

The vesicle spectra are rigorously fit to a model of lecithin
vesicles free of bile salt. The scattering arises only from the
tail region, so the head group region must be highly hydrated.
A model for the vesicles that provides the composition of the
head group layer (which would include both bile salt mol-
ecules and waters of hydration) requires high quality data at
high values of q, but the results of the modeling presented
here indicate that it is unlikely that a significant amount of
bile salt resides in the center of the vesicle bilayer. Instead,
the variation in size of the vesicles formed by dilution is
better described by a recently proposed mechanism relating
the vesicle size and polydispersity to the rate of bile salt
extraction from the bilayer (Rotenberg and Lichtenberg,
1991). In this case immediate dilution of a concentrated mi-
cellar solution results in small vesicles because of the rapid
extraction of bile salt from the membrane. However if the
surfactant solution is diluted in a series of steps with inter-
mediate equilibration, the concentration gradient responsible
for extraction of bile salt is smaller. This allows bile salt in
the membrane more time to swell the bilayer which results
in larger vesicles.
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Fig. 7 shows that some of the structural transitions are slow
and can take at least a week to reach a steady state. Within
this time frame QLS measurements show no apparent change
in particle size. These transitions are not due to degradation
of the lecithin because no transitions are observed for micelle
or vesicle samples over the same time period, and indepen-
dent measurements have shown no lecithin degradation in
samples prepared using our methods (Little et al., 1993). This
result emphasizes that caution should be maintained in de-
riving complicated structural models from dynamic light
scattering alone. Similarly, the peak of the hydrodynamic
radius with dilution measured by dynamic light scattering has
long been associated with the micelle-vesicle phase boundary
(Mazer et al., 1980), however, the mixed micelle-vesicle samples
measured by SANS appear well before this boundary.

Overall, the interpretation of the SANS data presented
here is consistent with recent reports of the mixed lecithin-
bile salt aggregate structures. The micelle radius obtained
from the fit to the full scattering spectra of the micelles varies
only slightly with the overall composition of lecithin and bile
salt indicating a constant composition of the cylindrical mi-
celle body. Micelle growth occurs as the surfactant concen-
tration approaches the micelle phase boundary. The transi-
tion from micelles to vesicles is smooth and involves a region
where micelles and vesicles coexist. Beyond the coexistence
region the vesicle size and degree of polydispersity decrease
with dilution. Incorporation of a small amount of cholesterol
in the lipid mixture does not affect the size or the sequence
of appearance of aggregate structures. Similar aggregates are
found in mixtures containing lecithin and either TC or TDC,
however vesicles do not appear in the mixtures containing the
more hydrophobic bile salt TDC until much lower surfactant
concentrations.

CONCLUSION

Small-angle neutron scattering is a powerful tool for eluci-
dating the details of aggregate structure found in lecithin-bile
salt mixtures. The results here show a continuous transition
from cylindrical micelles to unilamellar vesicles. A region of
micelle-vesicle coexistence, observed when solubilizing
vesicles with sodium cholate (Walter et al., 1991), is also
found in the reverse pathway. The changes in vesicle size
with time are consistent with the proposed mechanism for
vesicle formation that details the importance of the kinetics
of detergent partitioning between the aqueous solution and
the vesicles (Rotenberg and Lichtenberg, 1991).

The effect of cholesterol on the micelle to vesicle transi-
tion is minimal at the low cholesterol concentrations used
here. This justifies study of the behavior of lecithin-bile salt
mixtures as models for more complex lecithin-bile salt-
cholesterol mixtures. Further investigations at higher cho-
lesterol contents would provide information about how
cholesterol is carried in the micelle and would be helpful
in understanding the mechanism of protein-enhanced
cholesterol transfer from micelles to vesicles that preceeds
cholesterol nucleation (Groen et al., 1989).
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The dependence of the transitions on the micelle-lamella
phase boundary points to the importance of the properties of
the solubilizing surfactant in achieving the structural
changes. The more informative structural information pro-
vided by the SANS measurements in comparison to the
model-dependent interpretation of dynamic light scattering
results emphasizes the need for caution in developing de-
tailed models of particle growth and polydispersity based on
hydrodynamic measurements alone.
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APPENDIX: ANALYSIS OF SCATTERING DATA

In a small angle scattering experiment the measured intensity on absolute
scale represents the average scattering cross-section per unit volume and has
units of cm ™!, The g-dependence of the intensity results from the spatial
distribution of the scattering centers in solution. For many dilute surfactant
solutions the intensity can be calculated as the product of two distinct func-
tions of g that separate the intra- and inter- particle distribution of scattering
centers. The measured intensity I(g) is then

1(g) = N,P(q)S(g), (A1)

where N, is the number density of particles. The function S(g) accounts for
the effects of interparticle interactions on the intensity. Interparticle inter-
actions, such as electrostatic repulsions or excluded volume interactions,
cause a non-random distribution of the particles in solution. Repulsive in-
teractions lower the intensity measured at low values of q. With increasing
q, S(g) oscillates around a value of 1. When the interparticle interactions are
negligible, S(g) ~1 for all g, and the intensity depends on the function P(g)
alone.

P(q) is the intraparticle shape function, and describes the influence of the
particle size, shape and internal structure on the scattering curve. The mag-
nitude of P(q) is a function of the scattering length density distribution
within a particle. The scattering length density is given by p(r) =
> nb/V, where n, is the number of atomic elements in the region of volume
V and b, is the associated scattering length (Bacon, 1975). If the scattering
length density is constant throughout the particle, then the product of the

TABLE 4 Shape functions used to fit the SANS data
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particle volume and the scattering length density difference, Ap = (p - p,),
is factored out of the expression for P(q) and

(g) = N,(8p)* V3 P(q)S(q) = (Ap)* $V, P(9)S(q) = AP(9)S(q), 2

where ¢ is the particle volume fraction. The function P(g) is normalized to
unity at ¢ = 0, and the absolute magnitude of the intensity depends on the
prefactor A = (ApYdV,.

Small-angle neutron scattering

All of the intensity spectra are fit by assuming a constant scattering length
density throughout the surfactant-containing portions of the vesicles and
micelles. The expressions for the shape functions considered in this paper
are listed in Table 4. The model parameters are fit using a least-squares error
criterion to reproduce both the absolute magnitude and g-dependence of the
measured data.

The lecithin-bile salt mixed micelles are either ellipsoidal or cylindrical
in shape. The modified Guinier equation (Porod, 1982)

A 2R?
o) = exp(— "—2*) (a3)
provides preliminary information about the dimensions of cylindrical mi-
celles without the need for fitting detailed models. The modified Guinier
equation is an asymptotic expression for I(g) of a collection of cylinders of
length L and radius R and is approximately valid for q values between 1/L
and 1/R. In this g-range, a plot of In(qI) versus ¢’ is linear, and the slope
is proportional to the cross-sectional radius of gyration R,. For particles
with a circular cross-section of radius R, R, = R/\/i. For q less than 1/L,
In(ql) is an increasing function of q.

A more complete analysis uses the data over the full g-range to match
Eq. A.2. The fitted parameters are the cylinder length and radius (or the
ellipsoid semi-major and semi-minor axes) and the prefactor A. A rigorous
model for the micelle data would account for the scattering length density
difference between the hydrocarbon tails and the hydrophilic head groups.
Lecithin-bile salt micelles consist of a hydrophobic “core” of lecithin tails
surrounded by a “shell” containing the lecithin head groups and the bile salt.
Fitting scattering data from a core-shell cylindrical structure to a constant
density model will yield an apparent radius that is a weighted average of the
scattering length density distribution (Hjelm et al., 1992; Long, 1993, Long
et al., 1994). The fitted micelle length is not affected by the scattering length
density distribution. Precise determination of the internal structure requires
high quality data at high q where the scattering from the radial cross-section
predominates. For the purposes of this paper, it is sufficient to discuss the
fitted value of the effective radius in light of previous results (Hjelm et al.,
1992; Long, 1993).

The lecithin-bile salt micelle solutions are concentrated, hence S(g) # 1
at all q due to excluded volume interactions as discussed elsewhere (Long,
1993). For ellipsoidal micelles a “decoupling approximation” can be used
to calculate S(g) (Kotlarchyk and Chen, 1983). This expression allows cal-
culation of the effects of interparticle interactions using expressions for S(g)

Shape B(g)*

Fitted parameters

a2, 2 _ . . .
Ellipsoid Plg)=9 fo [’%] cos(B)dB  x = gla’sin¥(B) + bcos¥(B)]2 . 2:2:22; s
_ N ™ I'sin(gH cos(B))2J,(gR sin(B)) T? . R = Radius
Cylinder Ha) = fo [ (gH cos(B))(gR sin(B)) ] sin(B) dp L = Length
. . R, = Inner radius = R — ¢
Vesicle Blg) = JSI@R) ~ gR cos(gR) — sin(gR) + gR,cos(qR)F ¢ = Bilayer thickness

4°R ~ R}

P(q) = (Ap)'VP(q)

* B = angle of orientation, j,(x) is the first order spherical Bessel function; J,(x) is the first order Bessel function.
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based on the interaction of equivalent spheres. The Random Phase Ap-
proximation (RPA) can be used to model the effects of excluded volume
interparticle interactions for long cylindrical micelles (de Gennes, 1970,
Shimada et al., 1988; Long, 1993). The RPA uses a mean-field approach to
describe the interaction potential of an elongated particle with the surround-
ing particles. Both of these models require an estimate of the particle volume
fraction, ¢. For the calculation of S(g), the particle volume fraction is set
equal to the volume fraction of total surfactant in solution assuming the
specific volume of the bile salt is 0.75 cm*/gram (Carey, 1985) and that the
anhydrous lecithin molecular volume is 1267 A? (Small, 1967). It is not
necessary to consider electrostatic interactions to provide a satisfactory fit
to the data.

The model fits to the micelle spectra must not only describe the shape
of the spectra with q, but the value of the prefactor A (= (Ap)2d>Vp) must
be consistent with the known composition of the solution. Ideally, the scat-
tering data would be fit with a core-shell model that would provide the
composition of the micelles. This higher resolution analysis has been carried
out for L-TDC micelles (Long et al., 1994) with the results that the micelle
radius is R = 27 A (recall that the fitted radius as in Table 2 here is an
apparent value), the radius of the hydrocarbon core is R, = 17 A, the shell
scattering length density is 3.5 X 10'° cm™2 and the core scattering length
density is -0.29 X 10' cm™2 With these parameters the average scattering
length density is calculated according to (Glatter, 1982)

p = R{pR2 + p,(R* — RY)] (a4)

to give (Ap)’ = 1.9 X 10?' cm™*. This estimate of the average scattering
length density, along with the fitted value of A and the particle length
obtained from the fit of P(q), yields the volume fraction of surfactant in the
micelles. This volume fraction is the sum of the lecithin and bile salt within
the aggregate, and does not include the bile salt that makes up the IMC. The
IMC is calculated from the difference between the fitted ¢,, and the total
surfactant volume fraction.

The vesicle solutions are sufficiently dilute that interparticle interactions are
negligible, and / = N, P(g). Fitting the scattering data is complicated, however,
by the apparent size polydispersity of the vesicle solutions. The scattered in-
tensity in this case is the average of P(g) over all particle sizes present.

Ig) = (N,) f SRIP(R;; q) R, (A5)
0

where the integration is over the inner radius R;, f{R) is a size distribution func-
tion, and (- - -) indicates the average over all particle sizes. A Schultz distribution
is used for the calculations here (Aragon and Pecora, 1976, Kotlarchyk et al.,

1988), and
1 e+ z+ DR
I‘(z+1)[ R, ] Re"p[_ R ] (48)

av

fR) =

with R,, equal to the number average of the inner radius, z is an integer width
parameter related to the standard deviation o: z = R%/o? — 1, and I'(x) is the
Gamma function. Analytical expressions of the average shape function are pos-
sible only if the ratio of the outer to the inner radius remains constant. The
integration of Eq. A.5 is performed numerically to accommodate the more physi-
cally realistic assumption of constant bilayer thickness.

The fitted parameters for this model are the average inner vesicle radius,
the standard deviation, o, and the bilayer width. It is assumed that the
vesicles are made up of lecithin alone with no bile salt, and the bilayer width
is held the same for all samples. The contrast between the hydrocarbon tails
and the solvent ((Ap)* = 4.4 X 10*' cm™*) dominates the scattered intensity,
so the head groups make little or no contribution to either the q-dependence
or the magnitude of the scattered intensity. Thus, (Np) = ¢{V)~! where ¢,
is the volume fraction of the hydrocarbon tails (using a hydrocarbon tail
volume of 970 A¥lecithin molecule, which was calculated using the ex-
pression for the volume of two 17 carbon chains (Tanford, 1980)) and
{(V)(=4n{R:Hz + 2)/(z + 1) + R,,1* + */3]) is the average vesicle volume.

Size polydispersity has a significant effect on the shape of the scattering
spectra around its first maximum. The average vesicle radius dictates the
q-position of the first maximum and does not change significantly with
variation of the standard deviation. Incorporating the effects of polydis-
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persity dampens the magnitude of the oscillations of the shape factor and
improves the overall fit to the data. Smearing of the scattering curves caused
by the wavelength spread and detector geometry can cause shallow maxima
and minima similar to the effects of polydispersity. These effects were calculated
for the instrument geometry of the Oak Ridge spectrometer (Pedersen et al.,
1990, Ramakrishnan, 1985, Wignall et al., 1988) and not found to improve these
fits over those obtained with the polydisperse vesicle model.

The transition from cylindrical micelles to polydisperse vesicles is a
continuous transformation, and there is a range of concentrations over which
the two types of aggregates coexist. To model the scattered intensity within
this region, S(g) is taken as 1, and the intensity is written as a weighted sum
of the intensity of both groups of particles,

Ig) = A,P,(q) + A/P.(g), (A7)

where the subscripts m and v indicate micelles and vesicles respectively. The
vesicles are modeled using the expressions for a polydisperse dispersion,
and A, = (Ap)*¢,(V2XV,) . The average of the volume squared comes from
the normalization of (P(q)) to obtain B,(q), and is given by

B @+ +3)+2) 4 (z+3)z+2)
(V2v> - 161TZI:R:vt2 (Z + 1)3 + gR::vt3 (Z + 1)2
5 z+2) 2 I
+ ERZJ‘ G+ D + ER,VIS + ;], (A8)

where t is the bilayer thickness.

Dynamic light scattering

To compare the results of the analysis of SANS spectra with dynamic light
scattering measurements, the translational diffusion coefficients of the sur-
factant aggregates are estimated using the dimensions derived from the
SANS data. For cylindrical micelles with P = L/2R,

D, = kT(In(p) + )3l (A9)

where 7 is the solvent viscosity and y = 0.312 + 0.565/p + 0.1/p? (Garcia
de la Torre and Bloomfield, 1981). The function vy corrects for differences
in the frictional resistance of finite and infinite cylinders.

For polydisperse vesicles, the first camulant of the autocorrelation func-
tion is proportional to the z-averaged diffusion coefficient

(D), = f Si(R)P,(R; q)D; dR / f FRP(R; q)dR  (A10)

where V, = 4m(R® — R%)/3, P(R; q) is given in Table A.1, and f(R) is the
Schultz distribution function (Eq. A.6).

For both the micelles and the vesicles the sphere-equivalent hydrody-
namic radius is determined from the calculated diffusion coefficient and Eq.
1 from the text.
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