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Abstract 
The application of eountereurrent  distribution 

to the fractionation of lipids, both for analytical 
a n d  preparative purposes, is presented. The 
method has been applied to the separation of a 
wide var ie ty  of lipids including: f a t ty  acids, 
methylesters of f a t ty  acids, glyeerides, phospho- 
lipids, derivatives of phospholipids, complex lipid 
mixtures and non-lipid contaminants. 

Introduction 
~"-~NE OF THE basic problems of the research worker 
k . f l  dealing with natural  products is that  of the isola- 
tion and purification of individual compounds. A 
method which offers a great deal of promise, yet whose 
possibilities in the field of lipid chemistry have by no 
means been exploited to the fullest extent, is counter- 
current  distribution. In eountereurrent  distribution 
a mixture of substances is fractionated by repeated 
part i t ion or distribution between two immiscible 
liquids. The separation of the mixture into its com- 
ponents depends upon the differences which exist in 
the differential solubility of the individual chemical 
compounds when distr ibuted between the immiscible 
solvents. The law, first clearly realized by Nernst (1), 
states that  a solute dissolved in one phase in equilib- 
rium with another immiscible phase will distribute 
itself between the two phases so that  the ratio of the 
concentrations in the two phases is a constant at a 
fixed temperature.  This constant is the part i t ion 
coefficient and is defined by the equation: C1/Ce = K 
- -where  C1 and C2 are the concentrations of the given 
substance in the upper  and lower solvent layers 
resPectively. 

A single pure substance behaving ideally in a given 
system will give a characteristic and reproducible dis- 
t r ibution of mass throughout  the cells. Since this 
distribution will depend only on the number of trans- 
fers applied and the part i t ion coefficient, the distribu- 
tion to be expected can be calculated. One of the 
most important  advantages of this technique is that  
it lends itself to mathematical analysis. This makes 
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it possible to obtain both quanti tat ive and qualitative 
data f rom a weight distribution curve. The types of 
mechanical apparatus used in countereurrent  work 
and the mathematics involved in the analysis of re- 
sults have been adequately described (2-14).  

The application of eountercurrent  distribution to 
problems in lipid chemistry is becoming increasingly 
apparent.  Liquid-liquid extractions are relatively 
mild processes and since they can be easily carried 
out in an inert  atmosphere (under  nitrogen) they are 
quite adaptable to the s tudy of unstable l ipids.  A 
second advantage, f rom a quanti tat ive point of view, 
is that manipulative losses are negligible since all of 
the material introduced into the apparatus  is re- 
covered. This is a definite advantage over those chro- 

matographic  methods using strong adsorbents where 
irreversible adsorption or chemical change may take 
place. Reviews have appeared in the past on the appli- 
cation of eountercurrent  distribution t(~ lipids (15,16). 
This presentation will emphasize pr imari ly  the more 
recent developments. However, reference to some 
earlier work will be made in order to place these new 
applications in the proper  perspective: 
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FIG. 1. Countereurrent  Dis t r ibut ion of Model Compounds;  
MG = monoglyeeride, TG -- triglyeeride. 

Distr ibut ion of Fa t t y  Acids 

Countercurrent  distribution for the separation of 
f a t ty  acids was first investigated by Barry,  Sato, and 
Craig (17, 18). As a result of their early work, a 
solvent system was developed in which the normal 
saturated f a t ty  acids up to C~s had part i t ion coeffi- 
cients sufficiently different from one another to permit  
their separation by eountereurrent  distribution. How- 
ever, skewing of the various peaks interfered with the 
quantitat ive aspects of the distribution. Skewing is a 
non-ideal behavior which results when the part i t ion co- 
efficient is non-linear. Since higher fa t ty  acids have a 
considerable tendency to associate and form mieelles, 
the skewing was ascribed to the tendency of the solute 
to exist in solution as a mixture of associated molecules. 
In order to prevent  associations, Ahrens and Craig 
later developed a solvent system containing more 
acidic solvents in which the part i t ion coefficients of 
the higher f a t ty  acids were largely independent of 
concentration (19). The two-phase system formed by 
mixing n-heptane, glacial acetic acid, formamide and 
methanol (3 : 1 : 1:1) was used to quanti tat ively sepa- 
rate the homologous series, laurie, myristic, pahnitie, 
and stearie aeids in 400 transfers. The unsaturated 
series, oleie, linoleie, and linolenic acids were also 
separated in 650 transfers. The part i t ion coefficients 
of fa t ty  acids are influenced by unsaturat ion as well 
as by chain length. The effect of increasing the un- 
saturation by one double bond is nearly equal to de- 
creasing the chain length by two methylene groups. 
More recently, Will (20) had considerable success in 
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FIG. 2. Countereurrent  Dis t r ibut ion of Rat  Liver Lipids:  
PS = phosphatidylserine,  Lys Lee = lysoleeithin, P I  = inositol- 
phosphatide,  Sping = sphingomyelin, Lee = lecithin, P E  = phos- 
phatidylethanolamine,  F A  = f a t t y  acid, Chol = cholesterol, TG = 
triglyeeride, Chol E = cholesterol ester. 

the fractionation of f a t ty  acids employing a system 
consisting of petrolemn ether and dimethyl sulfoxide- 
1-octanol. 

Distr ibut ion of Methyl Es ters  of Higher  F a t t y  Acids 

Cannon, Zileh, and Dutton reported the use of a 
nitromethane-nitroethane, pentane-hexane system for 
the separation of methyl esters of fa t ty  acids (21). 
They showed that  as with fa t ty  acids, the methyl 
esters can be separated on the basis of chain length or 
degree of unsaturation.  They also demonstrated that  
the introduction of a hydroxyl  or a hydroperoxide 
group into the chain affected the part i t ion coefficient. 

in  the isolation and purification of fa t ty  acids and 
their methyl esters, eountereurrent  distribution not 
only has the advantage of high resolving power under  
extremely mild conditions, but  also a comparatively 
large sample capacity. This technique makes it possi- 
ble to separate unchanged the natura l ly  oecurring 
isomers of unsaturated acids in quantities sufficiently 
large for laboratory use. This is in distinction with 
chromatographic methods which appear to be effec- 
tive in separating unsaturated fa t ty  acids, but  have 
small capacity. Seholfield, Nowakowska, and Dutton 
have recently described the use of a system consisting 
of aeetonitril  and pentane-hexane for the analytical 
eounter-current  distribution of methyl ester mixtures 
as well as the preparat ive separation of methyl esters 
of pure fa t ty  acids (22). Stoffel and Ahrens (23) 
also made use of the difference in part i t ion coefficients 
due to unsaturat ion of fa t ty  acid methyl  esters. With 
a solvent system consisting of n-heptane, methanol, 
acetonitril, and acetic acid (3:1:1:1) ,  they were able 
to separate the unsaturated fa t ty  acids in the Cts and 
C~o series of menhaden body oils. Sufficiently large 
amounts of the monoene, diene, triene, tetraene, and 
pentaene isomers were obtained for complete analyses. 

Distr ibut ion of Glycerides 

Dutton and Cannon (24) found countereurrent  dis- 
t r ibution to be far  more effective than other available 
methods for the fractionation of triglyeerides, par- 
t icularly the more highly unsaturated oils. When this 
technique was applied to the gjyeerides of linseed oil, 
pure trilinolenin and linoleodilinolenin were isolated. 
More recently Seholfield et al. have applied the tech- 
nique successfully to soybean oil (25), safflower oil 
(26), corn oil (27), and cocoa but ter  (28). 

Zilch and Dutton separated mono from diglyeerides 
by eountercurrent  distribution between hexane and 
80% ethanol (29). Mattson applied this system to 
the isolation of monoglycerides from the lumen of 
the intestinal t ract  of rats (30). Lovern and Olley 
(31) used a similar system for the separation of phos- 
pholipid from neutral  lipid of fish. Pe r ry  et al. (32) 
studied the distribution of pure monoglycerides, a di- 
glyceride and a diglycerol monoester and pointed out 
the usefulness of this technique as an analytical tool 
and as an aid in characterization of monoglycerides. 

Fract ionat ion  of Complex Lipid Mixtures 

The application of eountercurrent  distribution to 
the fraetionation of complex lipid mixtures found in 
total lipid extracts of tissues was investigated in this 
laboratory. An all glass, Craig 500-cell countercurrent  
distribution appara tus  equipped with a robot for 
automatic operations, was used. The two-phase sol- 
vent system consisted of n-hexane, methanol, chloro- 
form, H20 in the ratio of 10:10:4:1 by volume. 
After  200 transfers~ the entire content of each tube 
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was t ransferred to small aluminum dishes which had 
been pre-dried to constant weight in a vacuum desic- 
cator. The solvent was evaporated by means of infra- 
red lamps, the dishes placed in a vacuum desiccator 
and dried to constant weight. The difference in 
weight is reported as total weight in mg. 

F igure  1 presents results obtained with a mixture 
of triglyceride, monoglyccride, cholesterol, and stearic 
acid. Every  other tube was used for weight determi- 
nations. The material in the al ternate tubes was ex- 
amined by silicic acid paper  and thin layer chromo- 
tography (TLC) to ident i fy  the lipid class in the 
peaks. The triglyceride from peanut  oil had the 
highest part i t ion coefficient, being most soluble in 
the non-polar phase. Cholesterol, stearic acid, and 
monoglyceride followed in that  order, the monoglycer- 
ide being most soluble in the polar phase. Although 
diglyceride was not examined, it should fall between 
cholesterol and triglyceride. A total of 200 transfers  
was sufficient for the complete fractionation of  this 
mixture of neutral  compounds. Quantitative recovery 
of the individual components allows for a complete 
analysis of such mixtures. 

The technique was applied to a total lipid extract  
f rom rat  liver, F igure  2. Since TLC of the extract  
and subsequent fractions indicated an absence of 
monoglyceride, it was not necessary to separate the 
phospholipid from neutral  lipid prior to counter- 
current  distribution. Analysis of Figures 1 and 2 
reveals that  monoglyceride and the phospholipids, 
phosphatidylethanolamine and lecithin have similar 
part i t ion coefficients in this solvent system and there: 
fore will not be separated in 200 transfer.  In a total 
lipid extract  containing monoglyceride, it would be 
necessary to separate the phospholipid from neutral  
lipid prior to analysis of the latter fract ion by counter- 
current  distribution. 

Analysis of the various peaks in Figure  2 by thin 
layer and silicic acid paper  chromatography indicated 
that  cholesterol esters and tr iglyceride moved together 
and were not resolved. These components can easily 
be separated by silicie acid (33) or Florasil  (34) 
column chromatography. The peak with a maximum 
at tube 168 is a mixture  of four components which 
have not been identified. Cholesterol occurs in the 
predicted area as do the free f a t ty  acids. Free fa t ty  
acids are spread out a great deal. This may be due 
to a part ial  fractionation on the basis of chain length 
and degree of unsaturation. 

All of the material to the r ight  of tube 90 is free 
of phospholipid and all of the material  to the left  is 
free of neutral  lipid and thus a complete separation 
of neut ra l  lipid f rom phospholipid was obtained. The 
phospholipid complex was separated into two major 
peaks, one with maximum at tube 5 containing the 
more polar phospholipids, the other between tubes 
35-90 containing the less polar phospholipids. Two 
of the components in the peak with maximum at tube 
5 have been identified. These are phosphatidylserine 
and inositolphosphatide. There are other components 
which have not been identi~ed. One of these behaves 
as lysolecithin on thin layer chromatograms; how- 
ever, its identi ty has not been ascertained. In the 
major  peak between tubes 35-90, chromatographic 
analysis of each individual tube indicates a part ial  
fractionation of sphingomyelin, lecithin, and phos- 
phatidylethanolamine. These are the only phospho- 
lipids present in this peak. However, it seems doubt- 
ful  that  fu r ther  t ransfers  would achieve their separa- 
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FIB. 3. C0untercurrent Distr ibution of Foleh Fract ion I I I :  
Solid line represents the total  dry weight. Areas under the 
broken lines indicate the calculated amounts of individual com- 
ponents. 1. phosphatidylserine, 2. and 3. inositol phosphatides, 
4. unidentified, 5. phosphatidylethanolamine. 

tion, for  there are indications that  they exist in 
association with one another. 

Distribution of Phospholipids 
The separation of phospholipids presents some spe- 

cial difficulties. First,  emulsification problems are 
pronounced with phospholipids. Secondly, they pos- 
sess both acidic and basic functional  groups and tend 
to form intermolecular associations. These difficulties 
have no doubt deterred many laboratories f rom 
countercurrcnt  studies of the phospholipids. How- 
ever, the difficulties are not insurmountable and the  
technique offers a great deal of promise as a tool 
either for  analysis or isolation of phospholipids. 

We have applied the method of countercurrent  
distribution to the s tudy of phospholipids with some 
degree of success (35, 36). In an a t tempt  to pur i fy  
phosphatidylserine from beef brain, a concentrate was 
prepared  by the classical method of Folch (37) and 
distr ibuted in a solvent system consisting of carbon- 
tetrachloride, methanol, and HeO (62:35:4 by vol- 
ume).  The results of a countercurrent  distribution 
of Folch 's  fract ion I I I  are shown in Figure  3. The 
points represent the total weight of material  present 
in each tube. The major  component, indicated by a 
broken line, represents phosphatidylserine, but  there 
are other contaminating substances present. By  paper  
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FIG. 4. Countercurrent Distr ibut ion of Free Acid Prepara-  
t ion:  Solid line represents the total  dry weight. Areas under 
the broken lines indicate calculated amounts of the individual 
components. Maximum at  tube 32, acid form of phosphatidyl- 
serine. Maximum at  tubes 84 and 95, iuositol phosphatides. 
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the broken lines indicate the calculated amounts of individual 
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52, sphingomye]in. Maximum at  tube 88, unidentified. 

chromatographic analysis of the material in each tube, 
it is possible to obtain enough information for the 
Gaussiau distribution curves representing the rela- 
tive inhomogeneity of Fraction I I I  and the degree 
of separation achieved by countereurrent distribution. 
These are the curves indicated by the broken lines in 
Figure 3. The area under curve 1 of Figure 3 is 
phosphatidylserine, while curves 2 and 3 are thought 
to be two different inositol phosphatides, possibly 
mono- and di-phosphoinositide. Curve 4 represents 
an unidentified component, while curve 5 contains 
phosphatidylethanolamine. 

The system did not seem to offer any promise for 
the isolation of pure phosphatidylserine. Folch (38) 
demonstrated that phosphatidylserine, isolated from 
brain by the use of neutral solvents, was obtained as 
a mixture of the sodium and potassium salts. He also 
demonstrated that treatment with 0'.05N tIC1 con- 
verted phosphatidylserine to the acid form. The ma- 
terial, rich in phosphatidylserine from tubes 55-100, 
Figure 3, was precipitated from an aqueous emul- 
sion with dilute acid and dialyzed to remove inor- 
ganic ions. This acid-treated material was again 
fraetionated by eountercurrent distribution in the 
manner described above. The distribution curve is 
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FIG. 6. Countercurrent Distribution of Beef Brain  Lipid: 
UL = unidentified lipid, Chol = cholesterol, P E  = phosphatidyl- 
ethanolamine, Cer = cerebroside, Lee = lecithin, Sphin = sphin- 
gomyelin, PS = phosphatidylserine, IP  = inositol phosphatide, 
Gang = gangliosides. 

shown in Figure 4. Chromatographic analysis of 
the material contained in the tubes which represent 
the two major peaks showed that the fraetionation 
of the acid-treated material resulted in the separa- 
tion of the inositol phosphatides and the unidentified 
phospholipid from phosphatidylserine. The material 
from the peak with a maximum at tube 32 was the 
acid form of phosphatidylserine, chromatographically 
free of other lipids. Since the salts of phosphatidyl- 
serine exhibit solubility characteristics different from 
those of the acid form, countercurrent distribution 
offers a convenient method of separating phosphatidyl- 
serine from contaminating substances. The parti- 
tion coefficient of the salt form of phosphatidylserine 
is high, allowing for the removal of all contaminants 
of lower partition coefficient. On the other hand, the 
partition coefficient of the acid form is low, conse- 
quently the remaining contaminants of high partition 
coefficients can be separated. 

Using the same solvent systems, lecithin prePared 
by the CdCle precipitation method of Pangborn (39) 
was analyzed. The results are presented in Figure 5. 
There are at least three substances present in this 
preparation. The major component reaching a maxi- 
mum at tube 42 was characterized by paper chroma- 
tography as lecithin. The small peak with a maximum 
at tube 52 was shown to be sphingomyelin. The 
faster-moving component with a peak at tube 88 has 
not been identified. 

In dealing with phospholipids we were faced with 
the problem of emulsions. We have found that the 
addition of 0'.01% potassium olcate to the solvent 
system completely eliminates any tendency of the 
system to form emulsions. Figure 6 presents the 
distribution of beef brain lipid after 250 transfers 
in a system of carbontetrachloride, methanol, and 
water (62:35:4) containing 0.0'1% potassium oleate. 
The phospholipids are separated into two major 
groups. Those more soluble in the polar phase con- 
sisting of phosphatidylserine, inositol phosphatides, 
and gangliosides, and those more soluble in the 
non-polar phase, phosphatidylethanolamine, lecithin, 
sphingomyelin, and cerebroside. Cholesterol was 
quantitatively isolated free of other substances. 

The obvious difficulties encountered due: to lipid- 
lipid association, possibly as a result of the number 
of basic and acid ionizable groups in phospholipids, 
could possibly be overcome by forming derivatives 
which would make them non-ionizable molecules. 
Collins, et al. (40-43), studied the distribution of 
such derivatives. The phospholipids were dinitro- 
phenylated using 1- fluoro 2:4 dinitrophenylbenzene 
followed by methylation using diazomethane, and the 
resulting phospholipid derivatives are separated by 
low temperature chromatography on cellulose using 
acetone, into fractions soluble and insoluble, respec- 
tively, in acetone, and then each fraction was further 
resolved by countereurrent distribution. The major 
difference in the findings by this method as contrasted 
with data using chromatographic procedures is in 
what the authors refer to as "complex"  amino- 
phospholipids. These complex aminophospholipids 
contain ethanolamine, serine, and choline and have 
a molecular weight at least double that of known 
phospholipids. Collins suggests that they are triester 
phospholipids, probably formed by the interaction of 
phosphatidylethanolamine with lysolecithin or with 
lecithin through glycerol. The presence of complex 
aminophospholipids has been indicated not only in 
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animal tissues, but  also in yeast, a virus, and a plant 
tissue. Collins suggested that  chromatography on 
silicie acid might cause a breakdown of the complex 
phospholipids which would account for  the fai lure 
by other investigators to detect these compounds. 
However, neither HSrhammer and Richter (44), nor 
ourselves using countercurrent  distribution methods 
on intact lipids, have found evidence for  such a 
complex aminophospholipid. 

Separa t ion  of N o n - L i p i d  I m p u r i t i e s  

Lipid extracts of biological material invariably 
contain non-lipid contaminants. Lovern and Olley 
(45) reported as much as 53.5% non-lipid material  
in ethanol-ether extracts of fish. Rouser, et al. (46), 
by careful chromatographic techniques, showed that  
7% of beef brain lipid consisted of water  soluble 
non-lipid material. This could vary, depending on 
the method of extraction. The "so lubi l iz ing"  prop- 
er ty  of phospholipids due to their polar nature  is 
the main contributing factor responsible for  the 
presence in lipid extracts of non-lipid contaminants. 
For  this reason, ordinary methods such as selective 
precipitation or repeated extractions are inefficient. 
One of the simplest and possibly most used methods 
is the water-solvent part i t ion developed by Folch 
(47-48). However, a major  disadvantage of the 
method is that  there is the selective loss of lipid into 
the aqueous phase. This, of course, can be extremely 
critical when quanti tat ive work or radioisotope in- 
corporation studies are carried out. 

Figure  7 represents the countercurrent  distribution 
of a lipid fract ion in a solvent system consisting of 
n-butanol, acetic acid, water (4:1:5) .  A chloroform- 
methanol (2:1) extract  of beef brain was purified by 
the method of Folch (48) in order to remove non- 
lipids. The recovered total lipid was then distr ibuted 
for 250 t ransfers  in a system consisting of carbon- 
tetrachloride, methanol, water (62:35:4) containing 
0.01% potassium oleate (Fig. 6). However, chromato- 
graphic analysis indicated that  material f rom tubes 
200-250 contained non-lipid material in addition to 
the more polar phospholipids. I t  was possible to 
separate these in a system of n-butanol, acetic acid, 
water  (4:1:5) in as little as 60 transfers.  F rom 
Figure  7 it can be seen that  ca. 15% of the fract ion 
consisted of non-lipid contaminants. The peak with 
maximum at tube 55 contained phosphatidylserine 
and inositol phosphatides, the ganglioside having been 
lost as a result  of Folch's  partition. I t  is obvious from 
these results that  in addition to selective lipid losses, 
the Folch procedure does not remove all non-lipid 
contaminants. 

Conclusion 
The application of eountcrcurrent  distribution to 

the fractionation of lipids, both for analytical and 
preparat ive purposes, has by no means been ful ly  
exploited. F r om the results thus far  obtained, it  
would seem that  the technique offers a great deal of 
promise. This is especially true where countercurrent  
distribution can be used for  the final purification 
of a simple mixture, or in the initial fractionation 
of a complex mixture pr ior  to purification by some 
other technique such as chromatography.  In  some 
instances where a part icular  separation is difficult if 
not possible by chromatographic techniques, counter- 
current  distribution may achieve the separation. I t  
is an excellent complementary method used in con- 
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junction with column chromatography. The develop- 
ment of new solvent systems for use in lipid frac- 
tionation will fu r the r  increase its usefulness. 
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