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SANS INVESTIGATION OF THE PRESSURE- AND 
TEMPERATURE-DEPENDENT STRUCTURE OF THE BILE 
SALT/LECITHIN SYSTEM 

JOSEPH T. MANG AND REX P. HJELM 
MLNSC, Los Alamos National Laboratory, Los Alamos, NM 87545-1663 USA. 

Abstract We used small angle neutron scattering to investigate the pressure and 
temperature dependent particle structure in mixed colloids of egg yolk phosphatidyl- 
choline with the bile salt, glycocholate in D,O. The concentrations and composi- 
tions of the mixtures, at ambient temperature and pressure, corresponded to the 
mixed vesicle region of the isotropic (Z) phase. Upon increasing the hydrostatic 
pressure at ambient temperature, interesting morphological changes were observed. 
At a pressure of 6.9 MPa, the system is best described by a coexistence of the 
mixed, spherical single bilayer vesicle, stacked lamellar and stacked ribbon phases. 
At higher pressures, the system transformed to a stacked ribbon phase. Analysis of 
scattering data as a function of temperature, at ambient pressure, revealed that a 
vesicle phase remained stable with the average spherical radius decreasing as the 
temperature was increased from 15 to 40 'C. 

INTRODUCTION 

In recent years, there has been considerable interest into the stability of bilayer vesicles 
formed by mixed surfactant systems'. Safran and coworkers', considering the curvature 
free energy, showed that, while bilayer vesicles composed of a single surfactant are in 
general unstable with respect to flat lamellae, mixed surfactant bilayer vesicles can be sta- 
ble. With the introduction of a co-surfactant, the composition of each monolayer of the 
bilayer provides an additional degree of freedom, giving rise to the stability. A composi- 
tional change within a layer then (which may be induced by changes in external pressure 
or temperature) can result in particle instability. The stable shapes of closed fluid lipid- 
bilayer membranes have been modeled by a number of different groups2*'. From the clas- 

sic work of Young and Laplace, a pressure gradient, Ap, should exist across a curved 

interface. For the special case of a spherical vesicle of average curvature, R-', the Young- 

Laplace (Y-L) equation gives Ap = 2yR, where y is the surface tension. We see then, that 

when Ap = 0, a transition from the vesicle state to a state of zero average curvature should 

occur. Since yis known to be temperature dependent and further that the composition of a 
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mixed surfactant vesicle may change with temperature, varying the temperature (T) and 
external hydrostatic pressure (P) should both have profound effects on vesicle stability. 
In order to elucidate the role of P and T in determining stability criteria for vesicles in 
mixed surfactant systems, we performed small-angle neutron scattering ( S A N S )  meas- 
urements on particle morphology as a function of pressure and temperature of bile salt 
(glycocholate)/egg yolk phosphatidy lcholine (EYPC) mixtures in the region of the iso- 
tropic ( I )  phase where mixed, spherical single bilayer vesicles (SLV's) are present 435. 

Particles formed in aqueous solutions of bile salts and EYFT, while addressing 
fundamental issues of particle self-assembly in mixed colloids, are of additional interest to 
the medical community as models for the structure and action of bile. 

MATERIALS AND METHODS 

Purified EYPC (Sigma, type VIII-E) and Sodium glycocholate (Sigma Chemical Co.) 
were dissolved in ethanol and mixed in the molar ratio (UBS) of 0.8. After vacuum dry- 
ing, the preparation was dissolved in a D,O buffer containing 0.15 M NaCl with tris 
buffer (pH 7.5) to make a stock solution containing 50 mdml total lipid concentration. 
The samples (2 mg/ml) were prepared by further dilution with D,O buffer, sealed under 
nitrogen in vials and incubated, at the measurement temperature for - 2 days in the dark. 

SANS measurements were performed at the Intense Pulsed Neutron Source at Ar- 
gonne National Laboratory, employing the Small-Angle Neutron Diffractometer (SAD). 
Scattering data were acquired using the time-of-flight method6. In order to interpret the. 
data, a nonlinear least squares procedure was used to fit the measured lineshapes to the 
expected scattering of different model systems. 

RESULTS 

S A N S  measurements of the glycocholateEYPC system as a function of pressure (T = 22 
"C) are shown in Fig. 1. At atmospheric pressure (Fig. la), the data is consistent with the 
presence of mixed SLV's, as anticipated from the phase diagram4. The solid line in the 
figure is the result of a nonlinear least squares fit of the data to the particle form factor for 
an SLV with outer radius, R = 152 8, and thickness, t = 35 A. Deviations of the model 
from the measured data are likely due to polydispersity. 

As the pressure was increased, dramatic changes were seen in the scattering curves. 
Fig. l b  shows the result at P = 6.9 MPa. As indicated by the dashed line in the figure, at 
low values of Q, the curve falls off as Q-'. The appearance of a Bragg peak, centered at Q 
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= 0.12 A-', corresponding to EYPC bilayer thickness, suggests the presence of lamellar 
order and thus a transition from the isotropic, mixed vesicle phase to an ordered, lamellar 
phase. Further increase of the hydrostatic pressure to P = 51.8 MPa brought additional 
morphological changes as can be seen in Fig. lc. While the Bragg peak remains, the in- 
tensity at low-Q now falls off as Q-2, suggesting a change in the fundamental unit com- 
prising the lamellar phase. 

Modeling of the lamellar phase observed at 51.8 MPa as stacks of extended sheets or 
disks failed to accurately describe our data, as the modeled intensity falls of as Q" at low 
Q. However, a stacked array of ribbon-like particles is in excellent agreement with the 

- Model 0.06SLV + 0 17'SK + 0 l Y S !  
SS R - - , l , = 3 0 A . d = S I h ,  
slack height = 13 

-M&l smckcd ribbons. 1. - -J, = 25 A 
I, = 30 A.d =51 A,,srackhcighr = 13 

I 

0.01 

0.01 0 1  
Q[A '1 

Figure 1 S A N S  measurements of the glycocholateEYPC system (LBS = 0.8, 2 
mg/ml) as a function of pressure : (a) P = 0.1 MPa, solid line is the calculated scat- 
tering curve for a spherical vesicle, R = 152 A, t = 35 A, (b) P = 6.9 MPa, model is 
a weighted linear combination of the SLV, stacked sheet & stacked ribbon models 
(c) P = 5 1.8 MPa, solid line is the expected scattering from a stacked ribbon phase. 
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Figure 2 S A N S  measurements as a function of temperature. The solid lines are the 
expected scattering curves from SLV’s : (a) R = 184 A, t = 60 A, (b) R = 162 A, t 
= 60 A, (c) R = 144 A, t = 60 A, (d) R = 141 A, t = 59 A. 

measured data as indicated by the solid line in figure Ic. The data at P = 6.9 MPa (Fig. 
lb), however, is best described by a coexistence of the SLV, stacked sheet and stacked 
ribbon phases, with the stacked sheet phase being the predominant one at this pressure. 

Results of S A N S  measurements of the glycocholate/EYPC system as a function of 
temperature are shown in Fig. 2. At all temperatures, the data is consistent with the pres- 
ence of mixed SLV’s. As the temperature was increased, the vesicles were seen to de- 
crease in size. This behavior is evidenced by the shift, to higher Q- values, of the charac- 
teristic maxima and the decrease in the differential cross section at low-Q. The solid lines 
in Fig. 2 are the results of least squares fits to the particle form factor for spherical vesi- 
cles of R = 184, 162, 144 and 141 A, respectively. 

DISCUSS ION 

The observed lamellar phase at 6.9 MPa indicates collapse of the spherical SLV’s. This 
observation may be understood in terms of the Y-L equation. According to this interpreta- 
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tion, we exceeded the internal pressure of the vesicles, forcing them to collapse into 
stacked sheets, upon increasing the external hydrostatic pressure to 6.9 MPa. 

Further increases in the pressure above 6.9 MPa may result in a redistribution of the 
bile salt from the interior of the bilayer to the edges, thus stabilizing the ribbon phase by 
shielding the EYPC tails from contact with water. The anisotropic form of the ribbon 
phase indicates a strong disposition of the bile salt to associate with the EYPC tail as op- 
posed to being in solution. Such a pressure-driven re-arrangement implies a considerable 
volume change associated with the removal of bile salt from the bilayer interior to the bi- 
layer edge, such a process is consistent with the molar ratio of glycocholate to EYPC and 
we are working on a thermodynamic model to explain these observations. 

The decrease of the vesicle radius with increasing temperature, is ascribed to re- 
moval of bile salt to the bulk phase by increased bile salt solubility with temperature. This 
observation is similar to the trend found in this system upon dilution, where the decrease 
in R is likely driven by mass action5 giving rise to the same overall change in the compo- 
sition of the bilayer. 

CONCLUSION 

As the hydrostatic pressure was increased, a transition from the isotropic, mixed vesicle 
phase of the glycocholateEYPC system to an ordered ribbon phase was observed. With 
increasing temperature, the vesicles were seen to decrease in size. 
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