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The process of phase transition and equilibration in bile analogue systems was studied 
because of the recent demonstration of an unstable liquid crystalline state in metastably 
supersaturated human bile. We found similar transient mesophases in model solutions of 
physiological relevance. Observed transition rates were strong functions of  lecithin concen- 
tration. The composition boundaries of these transitional systems are defined. 

Recent demonstration of a n  unstable liquid crystalline state in metastably super- 
saturated human bile'suggested the need for a detailed examination of the pro- 
cess of phase transition and equilibration in bile analogue systems. As cholesterol 
supersaturation has now been shown to occur frequently in the bile of healthy 
man', such observations seem especially relevant. Accordingly, the aims of the 
present work were the following: first, t o  measure time scales for transition rates 
of this mesophase; second, to assess the effect of variations in lipid concentra- 
tions on transition rates; and third. to define lipid concentration boundaries for 
phase transition phenomena in tiiese systems. 

Bile analogue solutions containing lecithin, cholesterol, and bile salts were 
prepared as previously described'. Mixed bile salts were in proportions found in 
human bile3. The solutions were shaken for 24 hours, and then incubated for 
21 days at  37'C. The appearance of  each solution was examined daily for opa- 
city, stratification and phase transition phenomena during the 21 day period. 
Aliquots were examined periodically by standard and polarizing microscopy at 
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37°C (Zeiss Photomicroscope 11, Carl Zeiss, 444 5th Ave., N. Y., N. Y. 10018). 
A total of  30 bile analogue solutions were prepared. Thirteen of which were 

constructed to conform to the  entire inner perimeter o f  the boundary for maxi- 
mum cholesterol solubility derived from the phase diagram of Admirand and  
Small4. The remaining 17 solutions were constructed in ranges outside this 
boundary where relative lecithin concentrations were greater than 30 percent. 
We have previously shown that accurate phase separations at  true equilibrium 
can be accomplished within the range of  zero to 30 moles percent lecithin 
concentration by microfiltration o f  solutions initially supersaturated with choles- 
terol’. As microfiltration failed t o  separate micellar from two-phase systems 
containing an excess of 30 moles percent of  lecithin, the  standard phase separa- 
tion technique o f  microscopy was used. Final lipid concentrations were directly 
measured by methods previously described’. 

Liquid crystalline mesophases were not seen in bile analogue solutions con- 
taining less than 14 moles percent lecithin (Table 1 ,  Solutions I -4). Micro- 
fdtration a t  72 hours effected complete removal of  cholesterol crystals. This 
indicated that these solutions had quickly reached equilibrium, enabling accu- 
rate phase separations. Where lecithin concentration ranged between 14 to  30 
moles percent, (Table I ,  Solutions 5-9) a liquid crystalline mesophase was ob- 
served to  develop in the  absenke of  cholesterol microcrystallites. With further 

TABLE I 

Aqueous mixtures 0 1  bile salts. lecithin and cholesterol describing 
the boundary in a triangular coordinate system for maximum equi- 

librium micellar cholesterol solubility for 10 percent solutions 

No. Percent total moles 
Bile salts Lecithin Cholesterol 

I 
2 
3 
4 
5 
6 
7 
8 
9 

10 
I I  
12 
1 3  
14 
15 
16 

~ 

96.8 
93. I 
88.2 
86.0 
82.0 
77 .0  
72.3 
68.9 
64.3 
60.0 
56.0 
51.0 
46.0 
40.0 
38.0 
38.0 

~ 

0 
3.6 
7.9 
9.8 

13.5 
17.4 
21.1 
23.9 
28.0 
31.0 
35.0 
41.0 
46.0 
54.0 
58.0 
62.0 

~ 

3.2 
3 .3  
3.9 
4 .2  
4.5 
5.6 
6.6 
7 .2  
7.7 
9.0 
9.0 
8.0 
8.0 
6.0 
4.0 
0 
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LIQUID CRYSTALS IN BILE ANALOGUES 219 

incubation, we found complete disappearance of  the mesophase (Figure I ,  A and 
B) and appearance of cholesterol microcrystallites. For example, an initially 
supersaturated solution containing 21 moles percent lecithin exhibited pleomor- 
phic mesophase patterns which gradually developed into liquid crystals during 
14 days of incubation at 37°C. These suddenly disappeared and within a few 
hours cholesterol crystals formed. Transition rates were found t o  be strong func- 
tionsofthelecithinconcentrationspresent: 14 to 18molespercent = 7 days; 18 t o  
22 moles percent = I4 days; and 22 to 30 moles percent = 2 1 days. Finer grada- 
tions between these intervals were not examined. Such spontaneous transitions 
have not previouslv been reported in lyotropic systems. 

Solutions containing an excess of 30 moles percent of lecithin just outside 
the perimeter of  the previously published definition o f  maximum cholesterol 
solubility4(Figure 2, dotted line) initially were visually turbid due t o  the pre- 
sence of mesophase but became clear and microscopically isotropic by 2 1 days. 
In contrast, such changes did not occur even after prolonged incubation in 
solutions further outside the perimeter of this boundary. With incubation be- 
yond 21 days and for as long as 8 weeks, the droplets enlarged in diameter, a t  
least two t o  three fold, probably by coalescence. Such nonphase transitional 
changes were not considered relevent to supenaturation. In order to  plot the 
phase boundary for the micellar zone, equilibrated solutions containing more 
than 30 moles percent of  lecithin were mapped according :o their visual and 
microscopic characteristics at 21 days (Table 1 ,  Solutions 10- 16). The micellar 
boundary for solutions of  relative lecithin concentration between 35 to 65 per- 
cent extends slightly above and beyond the previous definition4. The entire range 
of maximum equilibrium micellar cholesterol solubility from present observa- 
tions combined with those we have recently published' is shown in Figure 2. 

Abnormal (gallstone-associated) and n o m a 1  (absence of  biliary tract disease) 
human bile specimens were obtained by direct needle aspiration of the gall- 
bladder during abdonimal surgery. When examined microscopically in the fresh 
state, occasional normal biles contained liquid crystals', but they were more 
commonly observed in abnormals. Sequential microscopic observations of  these 
specimens revealed spontaneous phase transition phenomena identical t o  those 
seen in compositionally similar bile analogue solutions. As in  our previous 
s tudy2,  analysis of lipid composition of  these samples showed prevalent super- 
saturation and great overla? between normals and abnormals. 

We conclude from this study that, a transient liquid crystalline mesuphase 
observed in human bile is seen in physiologically relevant lipid concentrations; 
phase transition rates are strong functions of  lecithin concentration; the compo- 
sition o f  these transitional systems is defined by the presence o f  supersatura- 
tion and a lecithin concentration of approximately 14 t o  30 moles percent; and 
finally, that prolonged equilibration is necessary to derive accurate phase boun- 
daries when phase transitions are slow. 
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220 R. T. HOLZBACH AND M.  MARSH 

FIGURE 1 (A)  Liquid crystalline mesophase droplets in the metastable supersaturated 
state of bile analogue solutions. (Original magnification = 400x) . (B) .  Buefringencc of liquid 
crystalline mesophase droplets shown in Figure 2 (A) u i th  polarizing microscopy. 
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FIGURE 2 Boundaries for the mctastably supersaturated (shaded area) and equilibrium 
solubility state (solid tinc) for the bile analogue system. Dottcd linc rcprescnts thc boundary 
for cholesterol solubdity limit of Admirand and Small (4). 
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