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H.I.V. of the Sterculia oil shows that its cyelopropen- 
old structure is readily saturated without substantial 
ring-opening. As noted for epoxides and ~-hydroxy 
conjugated dienes, other investigators (40) have also 
found hydrogenolysis of functional groups when 
cyclopropenoid acids are reduced under usual condi- 
tions involving longer times at atnlospherie pressure 
in the presence of Adams catalyst. 

Most samples reached a definite pressure end point 
in 1-5 rain in our application of the Brown pro- 
cedure, dependent in part on experimental conditions 
such as rate of stirring. Occasionally, however, the 
end point was not so well defined and the reaction 
tapered off toward the end, with 15-20 min required 
until there is no further dropwise introduction from 
the buret. Although further experience with this 
analytical method is needed for complete evaluation 
of its potential, we are impressed with the breadth 
of its applicability, the speed with which an answer 
may be obtained on a sample of oil, and the pre- 
cision and accuracy that can be achieved if suitable 
care is taken in the determination. 
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Abstract 
The structures of the polar lipid classes of 

plants and animals are presented, their nomen- 
clature discussed, and suggestions are presented 
for clarification of nomenclature. The three gen- 
eral types of quantitative chromatographic pro- 
cedures (column chromatography, thin-layer chro- 
matography, and combinations of column and 
thin-layer chromatography) available for polar 
lipids are reviewed and a new quantitative two- 
dimensional thin-layer chromatographic proce- 
dure is presented. Useful quantitative procedures 
employing columns of cellulose, silicie acid, silieie 
acid mixed with silicate, magnesium silicate, and 
ion exchange celluloses are presented. New find- 
ings with diethylaminoethyl cellulose columns are 
described. New quantitative procedures employ- 
ing silieic acid, magnesium silicate, or diethyl- 
aminoethyl cellulose column chromatography with 
quantitative thin-layer chromatography are de- 
scribed. 

T H E  PURPOSE OF T H E  present communication is to 
review the general classes of polar lipids and their 

nmnenelature, and to present some of the chromato- 
graphic techniques available for their determination. 
Since the nomenclature of polar lipids is unsatisfac- 
tory in several respects, this subject is considered in 
detail. A new quantitative two-dimensional thin-layer 
chromatographic procedure is presented and two new 
procedures employing column chromatography (silieic 
acid or magnesium silicate) with quantitative thin- 
layer chromatography (TLC) are presented. 

Lipid Classes and Nomenclature 
G l y c e r o l  I A p i d s  

There are two general groups of polar lipids: the 
glycerol ]ipids and the sphingolipids. Each of these 
main groups can be subdivided into subgroups: phos- 
pholipids and lipids without phosphorus. Figures 
1-17 show schematically some of the classes of polar 
lipids. The glycerol lipids are shown in Figures 1-10. 
Phosphatidie acid, phosphatidyl glycerol, and diphos- 
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phatidyl glycerol (eardiolipin) shown in Figures 1-3 
form an important series of acidic lipids of increasing 
complexity by addition of glycerol and/or phos- 
phatidic acid units. Phosphatldie acid, a phosphory- 
luted diglyeeride, is the parent substance of the glyc- 
erol phospholipids and is believed to be an important 
intermediate in the biosynthesis of phospholipids, al- 
though it generally does not occur to any appreciable 
extent in animal tissues. Phosphatidyl glyeerot occurs 
to a small extent in some animM tissues and is present 
in much larger amts in some plant tissues. Diphos- 
phatidyl glycerol was originally isolated from heart 
muscle and named cardiolipin. It  has since been found 
to occur widely in plants and microorganisms and the 
name diphosphatidyl glycerol is therefore most appro- 
priate, although the term cardiolipin is still used. 
Phosphatidyl choline (lecithin),. phosphatidyl ethan- 
olamine, and phosphatidyl serme (Figs. 4-6) are 
well-known and widely occurring glycerol phospho- 
lipid classes. The well-established term lecithin has 
not been completely replaced by the more systematic 
name phosphatidyl choline. 

There are at least two relatively well-characterized 
phosphoinositides. Phosphatidyl inositol (Fig. 7) is 
the most abundant. It occurs widely in plant and ani- 
mal tissues and has the structure shown in Fig. 7. 
Phosphatidyl inositol diphosphate, the triphospho- 
inositide of brain (l~'ig. 8), differs from phosphatidyl 
inositol in having two additional ester-linked phos- 
phoric acid groups. A diphosphoinositide has occa- 
sionally been reported, but does not appear to have 
been isolated and demonstrated to be a native con- 
stituent of a tissue. 

Recently galaetcsylglycerides have been isolated and 
characterized and shown to be important constituents 
of plants (1). The simplest of these is a monogalacto- 
syldiglyceride (Fig. 9). A digalaetosyldiglyceride 
containing two galactose molecules linked to a diglye- 
eride unit has also been reported. There are interest- 
ing plant lipid counterparts to the cerebrosides char- 
acteristic of nervous tissue. 

Plants have been shown to contain a sulfolipid (Fig. 
10) that has a sulfonic acid group (2) in contrast to 
the sulfate ester glyeolipid (cerebroside sulfate or 
sulfatide) of brain (Fig. 14). Rouser et al. (3) dem- 
onstrated the presence of a direct carbon to phos- 
phorus bond in a sphingolipid of the sea anemone 
(Fig. 16) and thus C-S and C-P bonds as well as the 
corresponding C-O-S and C-0-P bonds have been 
established as occurring in nature in major lipid 
classes. The first reports of the C-P bond occurring 
in nature were in crude lipid extracts and as a water- 
soluble free amino acid (4,5). 

The nomenclature of polar lipids is far from uni- 
form and has undergone a series of changes that have 
not been uniformly accepted. Name changes were  
proposed as older terms became less precise in the 
light of new knowledge. The situation is well illus- 
trated by the changes in nomenclature that have been 
proposed for the diaeyl glycerylphosphorylethanola- 
mines (Fig. 5). Originally this lipid class was called 
eephalin, but in time it became clear that diacyl 
glycerylphosphorylethanolamine was not the only class 
of polar lipid in the usuM eephalin fraction obtained 
by precipitation with alcohol. Foleh (6) identified 
diacyl glyeerylphosphorylserine and inositol phospha- 
tides in the alcohol insoluble fraction, then generally 
called cephalin, and suggested that the term cephalin 
be used to designate the alcohol insoluble fraction and 
not the glycerylphosphorylethanolamine-based lipids. 

)'olch proposed the term phosphatidyl ethanolamine 
for the pure glyeerylphosphorylethanolamine based 
hpid from the brain and suggested that corresponding 
names for the serine, ehohne, and mositol lipids be 
used. The terms phosphatidyl serine and phospha- 
tidyl inositol are widely accepted since these lipid 
classes had not been named before, but phosphatidyl 
choline has not been as generally accepted in place of 
the well-established name lecithin. We still frequently 
use the term lecithin because it is short, well estab- 
lished, and well defined. 

When Folch proposed the name phosphatidyl ethan- 
olamine, the nature of the "ethanolamine plasmalo- 
gen"  was not defined and in fact the Folch prepara- 
tion of "phosphatidyl ethanolamine" was largely 
plasmalogen. Subsequently it was proposed that the 
term phosphatidyl ethanolamine be reserved for the 
diacyl glycerylphosphorylethanolamines and "phos- 
phatidal"  for the corresponding monoacyl derivatives 
with an a,fl-unsaturated ether linked carbon chain 
replacing the second aeyl group. This proposal has 
not met with uniform acceptance. (It  is difficult to 
distinguish the terms phosphatidyl and phosphatidal, 
particularly when spoken.) We prefer to use "phos- 
phat idyl"  as a generic term for all glyeerylphos- 
phorylethanolamine lipids. "Pbosphatidyl" thus de- 
notes a glycerol phospholipid. In the past we have 
distinguished the different g]ycerylphosphorylethan- 
olamine ]ipids as diaeyl phosphatidyl ethanolamine 
and phosphatidyl ethanolamine plasmalogen (or more 
simply ethanolamine plasmaiogen). Since glyeeryl 
ethers have recently been isolated from hydrolysates 
of ethanolamine lipids (7) and since the vinyl ether 
linkage has become well established for the plasma- 
logens (8), we now prefer to designate these forms 
as diaeyl phosphatidyl ethanolamine, vinyl-ether phos- 
phatidyl ethanolamine (plasmalogen), and alkoxy 
phosphatidyl ethanolamine (glyceryl ether form). 

The more general term plasmalogen is still con- 
veniently used when referring to all lipid classes to- 
gether that possess a vinyl ether linkage. Plasmalogen 
forms of glycerides have been reported. 

Evidence is now available that indicates the natural 
occurrence of still another form of phosphatidyl ethan- 
olamine. We have isolated a lipid class that gives 
ethanolamine on acid hydrolysis and is chromato- 
graphically indistinguishable from the other forms of 
phosphatidyl ethanolamine on silieie acid columns or 
by silieie acid impregnated paper and TLC. This 
new form is separable from the other three forms 
by column chromatography on diethylaminoethyl 
(DEAE) cellulose. We have established that the 
diaeyl, vinyl ether, and alkoxy forms of phosphatidyl 
ethanolamine are eluted together from DEAE with 
chloroform/methanol mixtures; the new form is not 
eluted with chloroform/methanol mixtures, but it is 
eluted with acidic or basic soIvents and in part with 
methanol. Since this behavior has been observed for 
some of the oxidation products of phosphatidyl ethan- 
olamine, we believe this type to be a series of naturally 
occurring autoxidation products. We have encoun- 
tered this new type of phosphatidyl ethanolamine in 
beef heart, beef heart mitoehondria, and human brain. 
We will refer to this new form as Mtered phosphatidyl 
ethanolamine until the chemical differences have been 
defined. 

The present proposal appears to be the first to in- 
elude all of the different forms of glycerol lipids in 
a convenient, simple, and meaningful group of names. 
Phosphatidyl choline (lecithin) and other glycerol 
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phospholipids can be designated as diacyl, etc., in a 
similar manner. 

Another  system has been proposed with which the 
general term ethanolamine phosphoglyceride (also 
choline, serine, inositol, etc.) is used, and phospha- 
t idyl  and phosphatidal are used specifically for diacyl, 
and plasmalogen forms. This seems less appropriate  
than the system we recommend because, although 
"ethanolamine phosphoglyceride" is not ambiguous, 
" p h o s p h a t i d y l "  does not have a uni formly accepted 
meaning (and requires definition) and no provision 
is made for all forms of ethanolamine phosphoglyc- 
erides. 

Sphingolipids 

Sphingolipids contain a hmg chain base, either 
sphingosine (Fig'. 11) or a related substance, such as 
a f a t ty  acid amide. I t  is clear that  nitrogenous bases 
other than sphingosine are present in plant and ani- 
mal tissues. Plants have a related base called phyto- 
sphingosine (9), nervous tissue contains dihydro- 
sphingosine, and a C2o analog of sphingosine has been 
demonstrated (10). I t  is probable that  still other 
related bases occur, at least in minor amts, in various 
plant and animal tissues. The simplest sphingolipid 
is ceramide (Fig. 12) and it may be considered as 
the parent  substance of the sphingolipids. The other 
sphingolipids are progressively more complex deriva- 
tives of ceramide. Ceramide has been isolated and 
characterized from brain (3,11). Yeast eerebrin is 
also a ceramide (12). The cerebrosides (Fig. 13) 
that  occur abundant ly  in nervous tissue have a carbo- 
hydrate,  usually galactose, attached to the pr imary  
hydroxyl  group of ceramide, and may contain either 
a 2-hydroxy fa t ty  acid or a nonhydroxy fa t ty  acid. 
The sulfatides (Fig. 14), characteristically occurring 
in relatively large amts in nervous tissue, have a 
sulfate (ester) linkage to the sugar residue of a 
cerebroside. Sulfatides have been isolated with 2-hy- 
droxy fa t ty  acids and nonhydroxy fa t ty  acids. The 
most complex of the sphingolipids is the lipid class 
known broadly as the gangliosides. There are several 
types of gangliosides characterized by their content of 
sialie acid (N-acyl neuraminie acid). In addition, the 
gangliosides contain several carbohydrate residues. I t  
seems probable that  there arc at least three general 
classes of gangliosides occurring in brain:  mono-, di-, 
and trisialogangliosides containing one, two, or three 
sialic aeid residues (13). A disialoganglioside (14) is 
shown in Figure  17. The name "hematos ide"  has 
been proposed for the sialic acid-containing lipids that  
do not contain an amino sugar (15). At  the present 
time these substances are usually referred to as gang- 
liosides, but  some differentiation of the different types 
of sialic acid-containing lipids seems desirable and 
will probably be used in the near future.  

Ceramide aminoethylphosphonate (Fig. 16) was iso- 
lated recently from the sea anemone (3). I t  is the 
first example of a ninhydrin-positive sphingolipid as 
well as the first phospholipid to be isolated that  has a 
direct C-P bond. In naming this new sphingolipid 
we chose a name we felt  would be the clearest from 
the chemical standpoint. Following the same general 
nomenclature procedure, cerebrosides would be named 
eeramide monogalaetosides (or glucosides) ; sphingo- 
myelin, ceramide phosphorylcholine; sulfatide, cera- 
mide monogalactoside sulfate, ete. This nomenclature 
is presently in use when it is necessary to refer  to 
substances intermediate between cerebrosides and 
gangliosides. Thus Rappor t ' s  cytolipin II, a member 
of a class of lipids he has termed cytosides (8), can 

be referred to as a ceramide dihexoside. Other new 
lipid classes with three or four  carbohydrate residues 
(16) can be named in this way. The name "globo- 
s ide"  has been proposed for those lipids containing 
the eeramide unit, sugars, and hexosamine, but  no 
sialic acid (15). 

A number of additional polar lipid classes have 
been encountered in microorganisms. Some of these 
are derivatives of lipid classes discussed above, e.g., 
amino acid esters of phosphatidyl  glycerol and deriva- 
tives of phosphatidyl  inositol containing several addi- 
tional carbohydrate residues linked to inositol. 

I t  is apparent  that  lipids are important  in the struc- 
tures of plants, animals, and microorganisms and that  
certain definite types of lipids arc present in all forms 
of life. I t  appears that  a certain molecular shape and 
type of polar group may be required for a par t icular  
function and that  a plant  may have a lipid class dif- 
ferent  from an analogous lipid class in auimals but  
meeting the same general requirements. Thus plants 
contain galactosyldiglycerides and sulfonated deriva- 
tives of these, while animal tissues contain eerebro- 
sides and sulfated cerebrosides (sulfatides). In  con- 
trast, phosphatidyl  choline and phosphatidyl  ethan- 
olamine occur widely in both plants and animals, but  
plants containing characteristically the diacyl forms 
while animals have diaeyl, vinyl ether (plasmalogen) 
and alkoxy (glyceryl ether) forms. Diphosphatjdyl 
glycerol is important  in both plants and animals. 
Amino acid esters of phosphatidyl  glycerol occur in 
microorganisms and probably also in some animal 
tissues. This lipid class is clearly related with respect 
to types of polar functional groups to phosphatidyl 
ethanolamine and phosphatidyl  serine (phosphate, 
amino, and earboxy groups present).  A ganglioside 
type structure is also evident in the bacterial phos- 
phatidyl  inositol derivative containing' a number of 
carbohydrate residues. 

Column Chromatographic Techniques 
The three general types of chromatographic proce- 

dures available for  the fraetionation of complex lipid 
mixtures are:  (1) column chromatography, (2) TLC, 
and (3) combinations of column chromatography with 
TLC. Each of these has certain advantages and 
limitations. Quantitative determination of the various 
polar lipid classes from almost any source can be 
accomplished with these procedures provided the basic 
principles of the methods are understood and the 
methods are carefully applied. The basic features of 
the methods are described here so that  the chromato- 
graphic fractionation of a par t icular  lipid mixture 
may be performed in an intelligent fashion. 

Column chromatographic techniques are the most 
reliable and basic procedures presently available for 
the isolation of lipid classes for quanti tat ive class 
determination and for the determination of the fa t ty  
acid composition of each lipid class. Many materials 
may be used for column chromatography. Init ially 
aluminum oxide (alumina),  silieie acid (silica gel), 
and cellulose were used. Alumina is of limited use 
since changes can be produced by adsorption onto 
this very strong adsorbent. One of the most significant 
changes brought about by alumina and per t inent  to 
the present discussion is the formation of lysoleeithin 
from lecithin. Despite these difficulties, some investi- 
gators have at tempted to use alumina for quantitat ive 
work. We will not consider these procedures. A 
strong adsorbent like alumina is useful for  separa- 
tions of nonpolar lipids, par t ieular ly  hydrocarbons. 
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Cellulose Columns 

Cellulose columns have been described as useful for 
the separation of water Soluble nonlipid materials 
f rom Iipids prior  to carrying out other ehromato- 
graphie separations and the separation of the water 
soluble lipids, the gangliosides, from other lipids (11). 
The gel filtration type cellulose has reeently been re- 
ported as useful for  the separation of water solubles 
from lipids (17). Removal of water-soluble sub- 
stances pr ior  to chromatography on other types of 
columns is desirable because the water-soluble sub- 
stances may appear  in various column fractions. Salts 
can eause par t ia l  elution of some aeidie lipid from 
D E A E  cellulose columns with chloroform/methanol 
or methanol whieh would not otherwise be effective 
eluting solvents (chloroform/methanol/sal t  or meth- 
anol/salt  mixtures are very powerful  eluting solvents 
for aeidic lipids bound to D E A E  eolunms). 

A nmnber of difficulties are encountered with eellu- 
lose eolumns. These are part i t ion ehromatographic 
columns and separations are carried out using chloro- 
form/methanol /water  or chloroform/ethanol /water  
mixtures that  tend to produce channels in the column 
and allow admixture of fractions. 

We have not been able to reproduce regularly col- 
umn procedures similar to that  of Svennerhohn (18), 
but we have found another procedure to be useful 
and rather  reproducible (19). A s lur ry  of s tandard 
grade Whatman cellulose powder is prepared in meth- 
a n d / w a t e r  9/1 and paeked into a chromatography 
tube to a height of 20 era. The bed is washed with 5 
bed vols each of methanol /water  1/1, methanol /water  
9/1, and chloroform/methanol  1/1. Chloroform/meth-  
anol 9/1 saturated with water is then passed through 
the bed unti l  one phase only appears from the eol- 
mnn. Lipids are applied in chloroform/methanol 9/1 
saturated with water, and the same solvent (about 8 
bed vols) is used to elute the major  lipid classes 
(except gangtiosides) together. Methanol /water  9/1 
is then used to etute nonlipids and gangliosides. Re- 
peated attempts to obtain quantitative separation of 
gangliosides from the wate>soluble nonlipids have 
failed. Invariably,  some nonlipid is eluted with the 
gangliosides. We recommend this eellulose column 
procedure for the separation of water solubles f rom 
lipids other than gangliosides in a reprodueibIe 
manner. 

The low solubility of triglycerides of saturated fa t ty  
acids in solvent mixtures saturated with water can 
present difficulties. Some triglyeeride may tail back 
into the water-soluble fraet ion unless very  large el.u- 
tion vols are used and traces of sulfatide and phos- 
phat idyl  serine may be present in the water-soluble 
fraction. 

Silicic Acid Column Chromatography 
Silieie acid, sometimes called silica gel, has been the 

most widely used substance for column chromatog- 
raphy  of lipids. Silicic a d d  is a re la t ivdy  mild ad- 
sorbent f rom which near ly  all polar lipids can be 
eluted without alteration. Silieie acid has been used 
to separate the so-called neutral  lipids from the phos- 
pholipids and other polar lipid classes. Effective use 
of silieie acid columns requires an understanding of 
the under lying principles upon which the separations 
are based. Silieic acid preparations may differ in a 
number of ways. They differ in particle size which 
i s  dea r ly  related to their  total capacity to bind lipids. 
Larger  particle sizes are usually prefer red  for column 
chromatography since proper  flow rates are difficult 
to obtain with fine particles. Since resolution in 

column chromatography is great ly improved when 
particles are of small, uniform size, it seems probable 
that  more use will be made of fine particles with a 
pressure system to produce an adequate flow rate. 

The most important  variations in silieie aeid prep~ 
arations other than particle size and uniformity  are 
concerned with the presence of varying amounts of 
water, silicate, and other salts. Ionic. lipid and silieic 
a d d  undergo ion exchange reactions (3,11). In  this 
process the dissociation of a d d  groups of acidic 
lipids is depressed and in this less ionized state the 
hpids are less polar and more readily eluted. Fa t t y  
acids are readily eluted from silicie acid with mixtures 
of diethyl ether in hexane, i.e., as neutral  lipids. 
Elution of f a t ty  adds  from magnesium silicate col- 
umns where fa t ty  acid is present in the ionized state 
requires the more polar chloroform/methanol  mix- 
tures. This illustrates the marked variations in elu- 
tion characteristics dependent upon the ionic state of 
the lipid. 

Acidi ty of silicie acid preparations decreases as 
silicate content is increased. Under these conditions 
the acidic groups of ionic lipids are more highly 
ionized. The result is that  acidic tipids are less readily 
eluted from sitieie acid columns containing silicate 
and changes in the relative order of elution of acidic. 
lipids with respect, to nonaeidic lipids can be observed 
at high silicate contents. Rouser at al. (20) made use 
of this fact for  the separation of phosphatidyl  ethan. 
olamine from phosphatidyl  serine using silicie acid 
columns treated with aqueous ammonia. 

Some silicate is usually present in silieie a d d  prep~ 
arations because the mixture of sodimn silicate and 
nfineral a d d  used to prepare  silieie acid is washed by 
decantation. The salt formed in the initial reaction 
will ion exchange with silieic acid to produce some 
silicate sites under  these conditions. I f  the silicie acid 
is washed on a filter first with acid and then water, 
all salt may be removed and a very  pure silicie acid 
produced. Such preparations are sufficiently acidic 
to cause part ial  degradation of the vinyl ether (plas- 
malogen) forms of phospbolipids and are thus of 
limited use. 

Residual salt, e.g. sodimn chloride, in silieie a d d  
preparations can give rise to traces of mineral  a d d  
with resultant  changes in elution characteristics of 
ionic lipids and some degradation of plasmMogens. 
This salt effect has been used to advantage in silieic 
acid impregnated paper  chromatography (21). 

The elution of "neutra l"  or Iess polar lipids as a 
group from silicic acid with chloroform (usually con- 
taining 0.2-0.7% alcohol as stabilizer) is useful and 
very popular  for the separation of " n e u t r a l "  lipids 
(hydrocarbons, glyeerides, sterols, sterol esters, etc.) 
from polar lipids. Even when only traces of polar 
lipids are present (as in processed fats and oils, milk 
fat, or adipose tissue lipids), neutral  lipids can be 
freed of the more polar lipids by this method and 
very large loads can be applied to obtain an adequate 
quant i ty  of polar lipid for  characterization. The 
polar tipids are eluted together with methanol or 
separated into groups by stepwise increases in the 
cohen of methanol in chloroform. The exact methanol 
eonen for rapid elution of different lipid classes de- 
pend upon the water content of the system. The 
presence of a small ammmt of water may be associated 
with increased binding of lipids (3,11,2:1), particu- 
lar ly in the presence of silicate. As the water content 
of the system is increased even more, lipids are less 
firmly bound and elution with lower methanol eonens 
is possible. 
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Variations noted above for silicic acid preparations 
must be considered if reproducible results are to be 
obtained. The variations in elution characteristics 
with different preparations can be used to increase 
the usefulness of silicic acid columus for special 
separations. The greatest defect of silieic acid col- 
umns for the separation of complex lipid mixtures 
into pure individual lipid classes is the elution of 
acidic lipids along with nonacidie lipids (3,11). A 
complex mixture must therefore be simplified prior 
to application to silicie acid or mixtures from silieic 
acid columns must be separated on other columns. 

Silicic Acid-Sil icate Columns 

Rouser et al. (11,20) introduced the use of silicic 
acid columns containing silicate and water for special 
separations. Silieic acid-silicate columns were applied 
initially for the separation of phosphatidyl ethanola- 
mine from phosphatidyl serine of beef brain, and 
subsequently used for the separation of lecithin from 
sphingomye]in. Elution from silicic acid-silicate col- 
umns is accomplished with chloroform/methanol or 
chloroform/methanol/water mixtures. Silieie acid- 
silicate columns are prepared by one of two proce- 
dures. A silicic acid column may be prepared and a 
mixture of chloroform/methanol/water containing 
base may be passed through the bed to introduce sili- 
cate, primarily at the top of the column. This is the 
procedure utilized originally for the separation of 
phosphatidyl ethanolamine and phosphatidyl serine 
(20). The alternative approach is to mix the silicic 
acid uniformly with aqueous base to introduce silicate 
throughout the bed as utilized for the separation of 
lecithin from sphingomyelin (3,11). 

Silicic acid-silicate columns can be used for separa- 
tion of the neutral lipids from the phospholipids and 
other polar lipids by applying the mixture to the 
column in chloroform and elution of neutral lipids 
with chloroform. Fa t ty  acids are retained along with 
other polar lipids since they remain as salts. In this 
respect silicic acid-silicate columns are similar to mag- 
nesium silicate columns. The various polar lipid 
classes are eIuted from silicic acid-silicate columns 
with increasing conchs of methanol in chloroform or 
water in chloroform/methanol (3,11). 

Magnesium Silicate Columns 

Radin (22) introduced the use of magnesium sili- 
cate columns for the recovery of cerebrosides from 
brain lipids and other investigators have used mag- 
nesium silicate for various separations including the 
separation of neutral lipids from polar lipids, the 
separation of individual neutral lipid classes (23), 
and the separation of individual polar lipid classes 
(3,11). Our own experience with magnesium silicate 
(Florisil) has indicated that it is useful under care- 
fully controlled conditions for the quantitative sepa- 
ration of polar lipids from neutral lipids. Magnesium 
silicate is a much stronger adsorbent than silicie acid. 
When magnesium silicate is heat-activated and main- 
tained in a thoroughly dry state by using solvents 
dehydrated with 2,2-dimethoxypropane or a molecular 
sieve, it has a very high binding capacity for lipids 
and is suitable for the separation of neutral lipids, 
eeramide, cerebrosides, sulfatides, galactosylglycer- 
ides, and sulfolipids (3,11). The presence of even a 
small amt of water allows the passage of small amts 
of phospholipids into very early fractions from a 
column; i.e., fraction overlap develops. 

Magnesium silicate columns have certain advantages 

for recovery of neutral lipids. A commercial fat  or 
oil sample or other mixtures very low in polar lipids 
can be completely freed of the polar lipid components 
by elution of neutral lipids (glycerides, sterol esters, 
sterols) With chloroform and very large loads can be 
applied to the column. Polar lipids including fatty 
acids are retained by the column. 

Although methanol elutes all lipids from silicic acid 
columns, it does not elute all lipid classes from dry 
magnesium silicate. All polar lipids can be eluted 
with mixtures of chloroform and methanol containing 
water, but adsorbent appears in the column effluent. 
Selective elutions from magnesium silicate are pos- 
sible. Chloroform/methanol 95/5 can be used for the 
elution of ceramides, and chloroform/methanol 2/1 
can be used for the elution of cerebrosides and sulfa- 
tides (animal tissues) or galactosylglycerides and 
sulfolipids (plant lipids). These elutions can be ac- 
complished without contamination from phospholipids 
if the column is maintained in a very dry state. The 
magnesium silicate columns are thus useful for cer- 
tain polar lipid classes only. 

Diethylaminoethyl (DEAl]) Cellulose Columns 

Since its introduction (24), DEAE cellulose col- 
umn chromatography has been used extensively for 
the separation of polar lipids. DEAE columns were 
developed when it was determined that silieic acid 
column chromatography was not adequate for the 
separation of the various polar lipid classes because 
some acidic lipids are eluted with nonacidic lipids 
from silicie acid columns. DEAE columns can be 
used to separate acidic lipids as a group from non- 
acidic lipids (3,11). Since the elution characteristics 
of DEAE columns have been described extensively 
in a recent communication (3), the many elution 
details will not be repeated here. It  is important to 
realize, however, that acidic lipids are not eluted from 
DEAE with chloroform, chloroform/methanol mix- 
tures, or methanol under proper conditions. Acidic 
]ipids can be eluted as a group with acidic or basic 
solvents with or without addition of a salt such as 
ammonium acetate. Many acidic lipid classes can be 
eluted in pure form from DEAE columns with ap- 
propriate solvents. 

We have improved the preparation and elution of 
DEAE columns since the last communication. One 
of the most important new developments is the elution 
of the neutral lipids (glycerides, sterols, and related 
nonionie substances of similar polarity) free of polar 
]ipids (including fatty acids). This seoaration is 
carried out conveniently by preparing a DEAE ace- 
tate column in chloroform. The lipid mixture is 
applied to the column in chloroform and chloroform 
(at least 5 column vols) is used to elute neutral 
lipids, followed by various mixtures of chloroform 
and methanol for nonacidic ionic lipids and the 
highly polar nonionie liDids (cerebrosides, galacto- 
sylglycerides), and finally elution of acidic lipids 
with acidic or basic solvents. 

Initially we were unimpressed with the use of 
DEAE columns for the separation of neutral lipids 
by elution with chloroform because some of the more 
~)olar liuids appeared along with the neutral lipids. 
This behavior was traced to the formation of small 
channels (holes) in the column produced by improper 
changing of solvent~. DEAE cellulose columns (as 
well as other tyoes of cellulose columns) may channel 
when treated with solvents containing relatively large 
anits of water or when a very abrupt solvent chan~e 
such as from methanol to chloroform/methanol 9/1 
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or chloroform is made. When the solvent sequence 
methanol, chloroform/methanol 1/1, then chloroform 
is used, channeling does not take place and good 
separations can be obtained. 

Because of the importance of channeling we now 
advise a simple test procedure for demonstrating the 
presence or absence of channels. This test can easily 
be carried out with cholesterol or a glyeeride. The 
column is placed in chloroform (or chloroform/meth- 
anol 9//1), a small amt of recently recrystallized 
cholesterol dissolved in chloroform (or chloroform/ 
methanol 9/1) is applied to the column, and the 
solvent used for application to the column is then 
used to elute cholesterol. With a 2.5 x 20 cm column 
(15 gm of DEAE)  using 10 ml fractions, cholesterol 
should appear first in tube 7 or 8 if channeling is 
absent. I f  the appearance of cholesterol is earlier 
than this, channels are present, and if cholesterol 
appears by fraction 5 or earlier, the column should 
be repaeked. This simple test can be carried out just 
before application of the sample. I f  the test shows 
the column to be satisfactory, cholesterol can be 
eluted quantitatively and quickly with chloroform or 
chloroform/methanol 9/1 (ca. 2 column vols) and 
the sample applied. 

Data collected since the last communication have 
also disclosed some interesting features about the 
nature of overloading of DEAE columns and the ela- 
tion characteristics of certain lipid classes that depend 
upon the relative composition of the lipid mixture 
applied to the column. Some of the effects of over- 
loading of DEAE columns have already been de- 
scribed (3), but we now have additional examples of 
special types of overloading. It  has been found that 
the elution of phosphatidyl inositol diphosphate (tri- 
phosphoinositide) from brain lipids with a mixture 
of chloroform/acetic acid 3/1 as previously described 
(3) represents a special ease. This elution is ob- 
served only when a relatively large amount of brain 
lipid or a preparation rich in triphosphoinositide is 
applied to the column. This appears to be a direct 
influence of salts and/or  other ionic lipids upon the 
elution properties of triphosphoinositide. When the 
amt of total lipid, and particularly the amt of tri- 
phosphoinositide, is reduced, triphosphoinositide is 
not eluted with chloroform/acetic acid 3/1. Triphos- 
phoinositide is bound so firmly that the most power- 
ful eluting solvents (acetic acid-ammonium acetate 
or chloroform/methanol/ammonia/ammonium ace- 
tate) are required for elution. 

The presence of large amts of gangliosides or free 
fatty acids is aIso associated with overloading phe- 
nomena at loads that would otherwise be appropriate 
for the lipid mixture. A marked difference in the 
elution characteristics of cardiolipin has also been 
observed depending upon the amt of cardiolipin and 
the amt of other acidic lipids in the mixture. Thus, 
while we have been able to elute cardiolipin quite 
readily with chloroform/methanol 4/1 containing 20 
ml per liter of 28% aqueous ammonia with beef liver 
or beef brain lipid as samples, this solvent is not as 
effective for cardiolipin of beef heart mitochondrial 
lioid. Beef heart mitochondria contain a great deal 
of cardiolipin and very little acidic lipid of other 
types. It  appears that the presence or absence of other 
acidic lipids determines to some extent the ease with 
which cardiolipin can be eluted. The load of lipid ap- 
plied is also important and it must be emphasized 
that at high loads a portion of a particular acidic lipid 
class may be eluted with solvents that do not elute 
the same lipid at all at lower loads. 

Because of the differences in elution characteristics 
with different lipid mixtures, we recommend the fol- 
lowing : First, that a cellulose column be used to elimi- 
nate the water-soluble nonlipids; Second, that low 
loads be applied. Optimum resolution on a DEAE 
column 2.5 x 20 cm prepared using 15 g of ion ex- 
change cellulose as previously described (3) can 
usually be obtained when from 90 to no more than 
200 mg  of a lipid mixture is applied where there is 
a large amt of acidic lipid (as for beef brain white 
matter or lipids extracted from whole human brain). 
We have found that pathological human brain speci- 
mens may require the cellulose column treatment and 
very low loads (80-100 mg of total lipid). A great 
deal of time may be saved by purposely low-loading 
DEAE columns. Low-loading can give pure lipid 
classes readily and accurate quantitative values may 
be obtained for individual lipid classes. It  is to be 
emphasized, however, that this introduces another 
important feature. In order to measure accurately 
the lipid fractions by weight, it may be necessary to 
utilize a mierobalanee for some of the fractions. 

DEAE cellulose columns are particularly useful 
when used in conjunction with silieic acid and silicic 
acid-silicate columns for the complete fractionation 
of complex lipid mixtures (3). They are also quite 
useful when combined with quantitative TLC (see 
below). 

Other Ion Exchange Celluloses 

Various other ion exchange celluloses have been 
explored in this laboratory for their possible use as 
column materials for lipid separations. Phosphocellu- 
lose has been demonstrated to be a strong adsorbent 
for polar lipids, particularly in the presence of water, 
but this has not been utilized routinely because of the 
problems associated with controlling water content 
(24). Similar problems exist for sulfoethylcellulose. 
Triethy]aminoethyl (TEAE)  cellulose has also been 
explored to a limited extent (3) and it has been dem- 
onstrated that, as expected according to ion exchange 
theory, pbosphatidyl ethanolamine is not eluted from 
TEAE with methanol or other nonionic polar solvents. 
Acid, base, or salt must be added to the eluting sol- 
vent for elution of phosphatidyl ethanolamine from 
TEAE in contrast to DEAE cellulose. These obser- 
vations are of potential value where the more com- 
monly used DEAE or other column types do not give 
the desired separations. Pure phosphatidyl ethanola- 
mine can not be eluted from DEAE with chloroform/ 
methanol 7/3 from beef liver lipids because of the 
presence of methanol soluble lipids that are elutcd 
together with phosphatidyl ethanolamine. The mix- 
ture of ionic and nonionic lipids eluted from DEAE 
with chloroform/methanol 7/3 can be passed through 
a TEAE column. Nonionic substances can be elutcd 
with neutral solvents and phosphatidyl ethanolamine 
can be eluted with an acidic or basic solvent. 

Quantitative Thin Layer Chromatography 
General Considerations 

TLC is a very popular technique and useful to the 
lipid chemist. Its chief advantages over paper chro- 
matography are improved resolution and ease of 
preparation of different layer thicknesses with differ- 
ent adsorbents. Improved resolution results in part  
from the fact that thin layer plates can be spread 
with a relatively finely divided adsorbent of relatively 
uniform particle size. Silicic-acid-impregnated paper 
can not be controlled in this manner and resolution 
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suffers because of lack of uniformity of the adsorbent 
imbedded in the paper. Microscopically the TLC 
adsorbent can be seen as particles whereas impreg- 
nated paper appears to be more of a connected, un- 
even matrix rather than partMes. The role of uni- 
formity of the adsorbent bed is well illustrated by 
results with a piece of chromatography paper and the 
same paper finely ground and spread over a glass 
plate. Resolution on the plate is improved. Various 
layer thicknesses that are easily controlled in TLC 
are useful for analytical and preparative work. These 
wide variations in layer thickness are not obtainable 
with impregnated paper. Paper is difficuIt to im- 
pregnate heavily. 

It has frequently been stated that TLC is always 
a more rapid technique than impregnated paper 
chromatography. This is not uniformly true; in fact, 
it is clear that with many solvent mixtures silicic- 
acid-impregnated paper systems are very similar in 
running times to comparable TLC systems (21). 
Paper can be impregnated very lightly with silicie 
acid or other adsorbent and extremely fast chromato- 
graphic systems can be devised that are even faster 
than TLC, but these paper chromatographic systems 
suffer from the fact that only a small a n t  of lipid 
can be applied to the low-loaded papers. 

Successful use of TLC for quantitative work de- 
pends upon the dear recognition of the variable na- 
ture of this technique and how the variables can be 
controlled, the availability of a suitable color reaction 
for the actual quantitative determination, and a full 
appreciation of the limitations of the methods. In 
order to understand the variables in TLC it is neces- 
sary to appreciate that, in contrast to the frequently 
expounded view that TLC is an adsorption process, 
it is probably largely a partition chromatographic 
process and every attempt nmst be made to eliminate 
strong adsorption properties in order to eliminate 
spreading of spots. Adsorption chromatography is 
clearly and readily distinguished by the presence of 
streaking of spots. The partition process on the other 
hand gives sharply defined spots. With the ordinary 
silica gel preparations containing CaSO4 as a binder, 
only acidic substances including fatty acids, sulfo- 
lipids, and the acidic phospholipids show appreciable 
adsorption properties. 

There are two ways to eliminate adsorption (spread- 
ing of spots). First, adsorption is greatly decreased 
by substituting magnesimn silicate for CaS04. We 
recommend the use of magnesium silicate as a binder 
for TLC because, while the binder firmly attaches 
the adsorbent to the glass plate, adsorption effects 
are minimal. Even with magnesium silicate there is 
some spreading of spots of acidic lipids. To com- 
pletely eliminate the spreading, it is necessary to 
incorporate an acid into the chromatographic system. 
This depresses the dissociation of the acidic lipids and 
prevents adsorption. 

Variations in Relat ive Migrations of Polar Ligi&~ 

The ease with which varying thicknesses of adsorb- 
ent can be spread onto plates makes TLC a versatile 
technique, but it also presents some interesting prob- 
lems. Recently we described an interesting but frus- 
trating phenomenon. We observed a great variation 
in the relative migration of acidic lipids compared to 
nonacidic tipids (3). This behavior has now been 
traced to factors affecting the water content of the 
chromatographic system when chloroform/methanol/ 

water mixtures are used as develophlg solvents. We 
will brmfly describe the phenomenon and its basis. 

For this description it will be assmned that the 
chromatography chambers (11) are lined on all sides 
with paper saturated with solvent immediately before 
insertion of the plates. With these chromatographic 
conditions and chloroform/methanol/water mixtures 
as developing solvents, the positions of the acidic 
lipids relative to nonacidic lipids may change mark- 
edly depending upon the water content of the solvent 
mixture used and the thickness of the adsorbent layer. 
This effect can be illustrated by decribing the be- 
havior of the sulfa tides relative to eerebrosides, phos- 
phatidyl ethanolamine, phosphatidyl choline and 
sphingomyelin. When water is left out of the solvent 
completely, sulfatide migrates between eerebroside 
and phosphatidyl ethanolamine. This is observed 
using chloroform/methanol 2/1 as solvent (silicic acid 
with 10% magnesium silicate as binder). When 
water is added, the exact relationship of sulfatide 
nfigration to the nonaeidic lipids depends upon layer 
thickness. Using chloroform/methanol/water 65/25/4, 
a relatively thick layer of adsorbent can be observed 
to give migration of sulfatide with or slightly behind 
phosphatidyl ethanolamine, while medium thick ad- 
sorbent layers may be observed to give migration of 
sulfatide either with or slightly ahead of lecithin, and 
very thin adsorbent layers may show migration of 
sulfatide between lecithin and sphingomyelin. Despite 
these marked variations in acidic lipid migration, 
there is no change in the order of migration of eere- 
broside, phosphatidyl ethanolamine, phosphatidyl 
choline, or sphingomyelin and only slight changes in 
Rr. I t  is thus possible to vary the position of sulfa- 
tide migration from one end of the chromatogram to 
tim other and to change the relative order of migra- 
tion with respect to eerebrosides, phosphatidyl ethan- 
olamine, lecithin, and sphingomyelin over a wide 
range. 

This behavior is related to the varying uptake of 
water by the adsorbent during chromatography. Since 
the amount of water available from the chamber liner 
and solvent is kept essentially constant in all cases, 
a thick layer of adsorbent will, over the approxi- 
mately I hr period required to develop a chromato- 
gram, contain less water per unit wt of adsorbent 
than thinner layers and hence the chromatographic 
system effectively contains less water (tlfick layers of 
adsorbent). As a result, sulfatide migrates with a 
greater :Re value on thicker adsorbent layers with 
little or no change in the R.f values of nonaeidic 
]ipids. With thinner layers there is relatively more 
water in the adsorbent ahead of the migrating solvent, 
and hence more water in the chromatographic system. 
This results in a somewhat greater binding of the 
acidic lipid to the stationary phase and sulfatide mi- 
gration from the point of application is less on the 
thinner layers. Similar behavior is observed with 
other acidic lipids and can be used to place these 
lipids in convenient positions for quantitative deter- 
ruination. 

The basis of these differences in migration depend- 
ing upon water content is to be found in the differ- 
ences in the strength of binding of acidic and non- 
acidic lipids to adsorbents that has been encountered 
in column chromatography. I t  was found by column 
chromatography that acidic lipids are more firmly 
bound to some adsorbents in the presence of water 
(3,11,20,24). Of course at high water conchs this 
effect is reversed and all of the lipids are more readily 
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eluted. There is a considerable difference in the 
strength of binding through water for acidic and 
nonacidie lipids accounting for the marked differences 
in the relative migration of the lipids. 

obtained. These observations indicate that an acidic 
adsorbent is required for this type of charring reac- 
tion to take place. 
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FIG. 18. Plot  of extent of charr ing expressed as in tegrator  
units (converted to 70% carbon content for  each lipid class) 
vs. extent of migrat ion (millimeters travelled) by TLC for  
eardiolipin (CL), lecithin (Le),  and phosphatldyl ethanolamine 
(PE) .  The straight-line relationship was obtained using mix- 
tares of silieic acid and magnesium silicate or calcium sulfate 
(both used in the ratio of silieie acid to binder of 9/1 by wt) .  
The numbers in parenthesis indicate the number of determina- 
tions averaged for  each point. The single determinations for  
eardiolipia and lecithin were f rom chromatograms using eal- 
cimn sulfate as binder while the four determinations averaged 
for the other points were obtained using magnesium silicate as 
binder. With  chloroform/methanol /water  65/25/4  all of the 
lipids migrated somewhat fur ther  down the plate with calcium 
sulfate as binder, but  the points fell on the llne. 

Quantitative TLC wi th  the Sulfuric Acid-Potassium 
Dichromate Reagent 

While quantitation of phospholipids by TLC can 
he aecomptished by elution of spots and determina- 
tion of phosphorus content (25), a more general pro- 
cedure applicable to all lipid classes is desirable. 
Such a procedure is available with the use of the sul- 
furic acid-potassimn dichromate reagent described by 
Privett  and Blank (26) and utilized for quantitative 
TLC by Blank, Sehmit, and Privett (27). Quantita- 
tion is accomplished by densitometry. Privett and 
Blank demonstrated their ingenious use of the char- 
ring* reagent for quantitative TLC by densitometry 
to us and we have found it to be a general and useful 
procedure. The usefulness of this charring reaction 
for quantitative TLC has now been extended by a 
careful study of the nature of the charring reaction. 

As noted by Privett and Blank, the extent of 
charring is related to the carbon content of the lipid, 
and under suitable conditions the charring reaction 
is a means for determination of carbon content. These 
investigators also found that charring was related 
to the shape of the spot and varied considerably with 
lipid classes migrating to different positions on the 
ehromatogram. We have studied this phenomenon 
using plates spread with thin slurries of silica geI 
with CaSO4 or magnesium silicate (both present at 
10% concn) as binder. Thin slurries allow the prep- 
aration of extremely even layers of adsorbent and 
are prepared using 3 nfl or slightly more of water 
per gram adsorbent. When very even layers are 
spread, it can be observed that, after correction for 
differences in carbon content, the extent of charring 
as determined by densitometry using an integrator 
and recorder is directly proportional to the distance 
of nfigration of the particular lipid class. Data ob- 
tained using mitoehondrial lipids and plotted for the 
response obtained from known amts of cardiolipin, 
phosphatidyl ethanolamine, and lecithin are shown 
in Figure 18. The straight line obtained was the same 
with the same silica gel preparation containing either 
CaS04 or magnesium silicate as binder when the 
adsorbent containing CaSO4 was spread with 0.01 or 
0.02 M NaC1 instead of water to prevent spreading 
of the cardiolipin spot. 

This direct relationship between the distance trav- 
elled and the increase in charring is related to the fact 
that spots spread during chromatography and that 
spread increases with increase in distance migrated. 
This suggested that one of the determining factors in 
the charring reaction is the amt of lipid in contact 
with a given amt of silicic acid. Thus when the silieic 
acid-lipid ratio is high, greater charring takes place, 
while a decrease in the ratio is related to lower 
charring intensities. 

These results are obtained when the reagent is 
sprayed on the plate lightly as a fine mist. Charring 
is a surface reaction that is dependent upon the bind- 
ing of l ipid to silieic acid. Silicie acid appears to 
enter into the reaction and to be essential since with 
pure magnesium silicate as adsorbent no charring 
takes place with the sulfuric acid-potassium dichro- 
mate reagent. Similarly with neutral aluminum oxide, 
only a weak yellowish-brown charring reaction is 

FIa. 19. Two-dimensional TLC using 200 ~g of beef bra in  
lipid as sample. The ehromatogram was developed in ttle 
vertical direction with chloroform/methanol /water  65/25/4, 
dried for  10 rain in air, and developed in the horizontal direc- 
tion in butanol/acet ic  acid/water  60/20/20. The chromatogram 
was then dried in air for  several hours, sprayed with the sul- 
furic acid-potassium dichromate reagent,  and heated at  180C 
for 30 mln to develop spots. The substances are I, impurities 
at  the solvent f ron t ;  Ch, cholesterol; Ce, eerebrosides; PE ,  
phosphatidyl ethanolamine; Le, lecithin;  Sp, sphingomyelin; 
Su, sulfat ide;  PS, phosphatidyl serine; and G, gangliosides. 
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~-lle va lues  l is ted u n d e r  column c h r o m a t o g r a p h y  w e r e  ob ta ined  by  use  
of D E A N ,  sil ieie acid, si l ieic acid-si ' : ieate, and  m a g n e s i u m  si l icate col- 
umns .  The  va lues  in  the  second and  t h i rd  co lumns  obta ined by  tile 
D E A E - T L C  p rocedure  a n d  d i rec t  one-d imens iona l  T L C  are  t a k e n  f r o m  
a p a p e r  f r o m  R o u s e r  et al. ( 2 8 ) .  The  f o u r t h  co lumn obta ined  by  two- 
d imens iona l  T L C  wi thou t  column c h r o m a t o g r a p h y  w a s  ob ta ined  u s i n g  
c h l o r o f o r m / m e t h a n o l / w a t e r  6 5 / 2 5 / 4  and  bu t ano l / ace t i c  a c i d / w a t e r  
6 0 / 2 0 / 2 0  as descr ibed  in the  text  wi th  beef b r a i n  lipid as  sample  
(wi thol l t  p r i o r  eolmnn cbromato~ ' raphy) .  

By varying the am.punt of sulfuric acid and potas- 
sium dichromate in the reagent we determined that 
too little potassium dichromate did not give complete 
charring. Very high. conchs of potassium dichromate 
give less intense spots, apparently because the reac- 
tion progresses beyond the charring stage with loss of 
carbon. We have not been able to eliminate the effect 
of spot spread (the ratio of lipid to silicie acid) by 
varying sulfuric acid or potassium dichromate conchs. 

It is apparent that spreading of spots during chro- 
matography nmst be eliminated if the extent of 
charring of all lipid classes is to be directly propor- 
tional to carbon content only and not influenced by 
the distance travelled (Rf). Spreading is reduced 
with magnesium silicate as binder in silicic acid and 
eliminated with acidic solvents. One-dimensional TLC 
without spreading of spots is possible with acidic 
solvents and distance travelled has little effect on the 
extent of charring. 

Quanti tat ive  Two-Dimensional  TLC 

Quantitative two-dimensional TLC with chloro- 
form/methanol/water (65/25/4 or 65/35/5) in the 
first dimension followed by an acidic solvent (bu- 
tanoUacetie acid/water 60/20/20 or chloroform/ace- 
tone/methanol/acetic acid/water 5/2./1/1/0.5) in the 
second dimension is useful for quantitative work. 
With this two-dimensional technique, spreading oc- 
curs during chromatography with chloroform/meth- 
anol/water mixtures in the first dimension, but the 
spots are made compact in the acidic system in the 
second dimension and spot size with the butanol/ 
acetic acid/water solvent is related to the conch of 
lipid and the carbon content of the lipid class only, 
and not Rf. The charring is then quite uniform. 
When very uniform layers of adsorbent are used and 
spraying is very uniform, standards are not required 
on each plate. Drying time must be relatively short 
(ca. 10 rain) between development in the first and 
second dimensions in order to avoid changes in the 
lipids with production of artifact spots with the 
second solvent. 

Figure 19 shows the results of a two-dimensional 
TLC run with beef brain lipids and Figure 20 spots 
from. pure lipid standards. From chromatograms of 
standards it was determined that, when all lipid 
classes were converted to a common carbon content 
(usually 100%) for comparison, an almost constant 
factor is obtained from all lipid classes (all polar 
lipid classes give nearly the same charring response 
per microgram of lipid). This property was used to 

FI(~. 20.  T L C  o f  a m i x t u r e  o f  s t a n d a r d  s u b s t a n c e s  p r e p a r e d  
f r o m  t h e  p u r e  l i p i d  c l a s s e s  i s o l a t e d  b y  c o l u m n  c h r o m a t o g r a p h y .  
C h r o m a t o g r a p h y  a n d  o t h e r  c o n d i t i o n s  a s  s p e c i f i e d  i n  t h e  l e g e n d  
f o r  : F i g .  19.  T h e  e h r o m a t o g r a m  s h o w s  e e r e b r o s i d e s  ( C e ) ,  p h o s -  
p h a t i d y l  e t h a n o ] a m i n e  ( P E ) ,  s u l f a t i d e  ( S u ) ,  a n d  s p h i n g o m y e l i n  
(Sp). 

calculate the percentages of the major lipid classes of 
beef brain shown in Table I. The values agree well 
with those obtained by column chromatography alone 
or a combination of DEAE cellulose column chroma- 
tography with one-dimensional TLC using lipid stand- 
ards on the same plate as samples (28). 

We submitted a sample of crude soybean oil (sup- 
plied by Dr. Donald Wheeler) to a similar analysis. 
The optimum cohen was first determined by one- 
dimensional TLC. These one-dimensional runs showed 
that 5 mg of oil was appropriate for two-dimensional 
TLC. Satisfactory spots of the major lipid classes 
were obtained without interference from the large 
amt of neutral lipid. Figure 21 shows a typical two- 
dimensional TLC of this crude soybean oil sample. 
The nature of the components was determined as 
follows. Chromatogrums similar to those of Figure 
21 were sprayed with ninhydrin and a typical color 
was obtained in the proper position for pbosphatidyl 
ethanolamine. The reagent specific for phospholipids 
(29) was positive for the spots marked for phos- 
phatidyl ethanolamine, phosphatidic acid, phospha- 
tidyl inositol, and lecithin. The positions occupied 
by these lipid classes on the two-dimensional TLC 
were compatible with these identifications. The ex- 
tent of charring with a 5 mg sample was then deter- 
mined. The polar lipid composition of the crude soy- 
bean oil was calculated to be phosphatidyl ethanola- 
nfine, 0.5%; lecithin 0.4%; phosphatidyl inositol, 
0.3% ; phosphatidic acid, 0.1% ; free fat ty acid, 0.4%. 
No attempt was made to determine the exact amts of 
the uncharacterized components since the exact carbon 
content of these lipid classes is not known. Evidently 
this represents a very rapid, simple, and convenient 
technique for quality control with many applications. 
A commercial mixture of soybean polar lipids (Asp- 
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FIG. 21. Two-dimensional TLC of a sample of crude soybean 
oil. Five milligrams of crude oil was applied to the origin in 
the lower right hand corner and chromatography carried ou~ 
as indicated in the legend for Fig. 19. The very small amounts 
of polar components in the crude oii sample are readily de- 
tected without interference from the very large anmunt of 
trlglycerlde shown at the top of the ehromatogram, Abbrevia- 
tions are: TG, triglyceride; unknown substances listed as X~, 
X2, Xa, X~, and Xs; FA, free fatty acids; PI, phosphatidy] 
inosltol; PA, phosphatidic acid; and S, carbohydrate (prob- 
ably sucrose). Other abbreviations as in the legend for Fig. 19. 
See text for the amounts of the various lipid classes deter- 
mined by quantitative two-dimensional TLC. 

leetin) was analyzed in a similar fashion. A typical 
ehromatogram is shown in Figure 22. The polar com- 
ponents are similar to the minor components of the 
crude oil sample. 

Standards can be applied on separate plates or to 
the same chromatogram used for the sample for quan- 
titative two-dimensional TLC. Spotting of two sam- 
ples on the same plate can be accomplished by spotting 
one sample above or to the side of the other so that  
spots of one sample fall near to, but  do not overlap 
with, spots of the sample. An illustration of this 
technique is shown in Figure  23 where two different 
applications of beef heart  mitochondrial lipid were 
made to the same plate at  the points marked and it 
is seen that  all but  the cardiolipin spots were sepa- 
rated. The charr ing response for the spots of the 
same lipid class are very similar and this technique 
can be used to minimize variations. 

Limitat ions of Quantitat ive TLC 

One o r  two-dimensional quantitative TLC tech- 
niques alone are very useful, but  there are definite 
limitations. Minor components may not be detected 
or may not give a charring response adequate for 
quantitation, and it is not always possible to increase 
sample size to obtain a greater reading. At higher 
concns the major components may spread and obscure 

FIG. 22. Two-dimensional TLO of a mixture of commercial 
soybean phospholiplds (Asoleetin). A 100 #g sample was 
applied and developed as indicated in the legend for Fig. 19. 
Abbreviations as in legends for Figs. 19 and 21. 

the minor components. A great disadvantage of TLC 
techniques used alone is the uncer ta inty of identifica- 
tions based primari ly on one or two dimensional TLC 
migration characteristics. This is a serious disadvan- 
tage when working with samples that  have not been 
subjected to other careful isolation and characteriza- 
tion procedures, and we advise great caution in 
applying these simple quantitative TLC procedures 
unless information obtained by others means is avail- 
able. 

Some of the uncertainties of identifications of lipid 
classes based only on TLC migration characteristics 
can be eliminated by preparat ion of simple deriva- 
tives that are then subjected to TLC. We have used 
the aeetyl and suecinyl derivatives for this purpose. 
These derivatives have been used previously in other 
studies (30) and are useful in preparative chroma- 
tography (e.g., the sueeinyl derivatives in the separa- 
tion of lecithin from sphingomyelin).  The aeetyl de- 
rivatives are less polar than the original lipid while 
the suecinyl derivatives are more polar. 

Aeetylation with minimal side reactions can be ac- 
complished using pyridine/acetic anhydride (2/1) 
with no more than 10 mg of lipid per milliliter. 
Heating at 100C for 1 hr  gives complete aeetylation 
of beef brain ]ipids. The solution is evaporated to 
dryness. The derivatives are then dissolved in an 
appropriate solvent and subjected to TLC. Compari- 
son is made with standards. Succinylation is a rapid, 
quantitative reaction when carried out in pyridine 
with 20-fold calculated excess of succinic anhydride 
at 100C for 1 hr. Af ter  evaporation of solvent, the 
derivative can be removed for the most par t  from 
other reaction products by solution in chloroform. 
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I~IG. 23. Two-dimensional ehromatogram illustrating the 
means of spotting two samples on the same plate. Beef heart 
mitoehondrial lipid (100 #g) was spotted at the lower right 
hand corner and another sample of the same preparation (also 
100 #g) was spotted approximately halfway up the plate. 
Chromatography was then carried out as described in the legend 
for Fig. 19, and the completed chromatogram was sprayed with 
the sulfuric acid-potassium dichromate reagent. Note that all 
spots of the two samples are well separate4 except those of 
eardiollpin in the upper left hand corner. Abbreviations are 
as indicated in the legends for Figs. 19 and 21. 

The chloroform solution is then subjected to TLC 
and identifications made by  comparison with stand- 
ards. 

Combinat ions  o f  C o l u m n  C h r o m a t o g r a p h y  
w i t h  Q u a n t i t a t i v e  TLC 

General Considerations 

Precise values can be obtained by quanti ta t ive TLC 
under  the proper  circumstances. Er rors  f rom spot 
overlap and the inabili ty to detect and determine the 
minor components of a mixture can be eliminated or 
reduced by combining column chromatography  with 
TLC. Columns can be used to cone minor  components 
in selected fract ions and reduce spot overlap by se- 
lecting the most appropr ia te  elution scheme for  col- 
umn chromatography  of the par t icular  mixture.  We 
recommend combinations of D E A E  cellulose, silicic 
acid or magnesium silicate column chromatography  
with quant i ta t ive  TLC. 

DEA~.-TLC 

Rouser et al. (28) have recently repor ted a proce- 
dure  for the determinat ion of polar  lipids using a 
combination of D E A E  cellulose column chromatog- 
r aphy  and quant i ta t ive one-dimensional TLC. This 
is a combination of the D E A E - T L C  method of 
Rouser et al. (3) and the eharr ing-densi tometry tech- 
nique of Blank et al. (27). The method makes use 
of the numerous modifications tha t  can be made in 
the elution scheme for  D E A E  columns. Fract ions  
f rom D E A E  columns are subjected to quant i ta t ive 
TLC with a ch loroform/methanol /water  mixture  or 
an acidic solvent. Quanti ta t ive TLC with s tandards  
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is carried out by al ternately spott ing s tandards  and 
samples for  direct comparison on the same plate. 
Relatively simple elution schemes can be utilized for  
D E A E  columns since the essential features  of the 
column are to :prevent overlap of spots by one-dimen- 
sional TLC and to cone some of the minor components 
in special column fractions. 

A very useful procedure is to prepare  the column 
in the acetate fo rm in methanol, app ly  the sample in 
methanol or some suitable chloroform/methanol  mix- 
ture in which it is soluble, elute with methanol to 
obtain all of the nonaeidic lipids, followed by elution 
with chloroform/methanol  4 /1  containing 20 ml of 
28% (by wt) aqueous ammonia  per  li ter and made 
0.01 M with respect to ammonium acetate for  the 
complete elution of acidic lipids. This conveniently 
divides the sample into nonaeidic and acidic lipids 
(3) and great ly  reduces fract ion overlap. I t  may  be 
necessary to use a more complicated elution scheme 
to facili tate quant i ta t ive TLC. Thus a D E A E  col- 
umn may  be eluted first with chloroform to separate 
glycerides, sterols, and related substances (neutral  
lipids) f rom the polar  lipids, followed by elution of 
the various polar  lipid classes using as many  different 
solvents as desired to reduce the complexity of indi- 
vidual fractions. 

Combination of Cellulose and DEAE Columns with 
Quantitative TT.C 

A useful method tha t  is current ly  being used ex- 
tensively in this laboratory  for  the quant i ta t ive deter- 
ruination of the lipid composition of human  brain 
(normal  and pathological) is based on the pre l iminary  
use of a cellulose column (see above) for  the separa- 
tion of gangliosides and water  soluble nonlipid com- 
ponents f rom the other major  lipid classes. D E A E  
column chromatography  is then used for  fu r the r  
separat ion and the components of mixed fract ions are 
determined by quant i ta t ive TLC. 

Silicic Acid Column Chromatography and TI, C 

A combination of silieic acid column chromatog- 
r aphy  and quant i ta t ive TLC is f requent ly  advanta-  
geous. We use several systems for  brain lipids tha t  
can be applied with minor  modifications to other 
lipid mixtures. Relatively simple elution schemes are 
required for columns. A useful elution scheme for a 
silieic acid column to be used in conjunction with 
quanti tat ive TLC follows that  described by Rouser 
et al. (20) for  the separat ion of phosphat idyl  ethan- 
olamine and phosphat idyl  serine f rom beef brain. The 
silieic acid column is dehydra ted  and deoxygenated, 
packed in the chromatography  tube to a height 
of 20 em in chloroform/methanol  4/1, lipids applied 
in chloroform/methanol  4/1, and chloroform/meth-  
anol 4/1 used for  the elution of two separate  peaks, 
the first compose~t of a mixture  of cholesterol, eere- 
broside, ceramide, phosphatidic acid, diphosphat idyl  
glycerol (eardiol ipin) ,  and  sulfatides followed by  
another  f ract ion containing phosphat idyl  ethanola- 
mine and phosphat idyl  serine. The last  f ract ion is 
eluted with methanol  and  contains lecithin, sphingo- 
myelin, phosphat idyl  inositol, the gangliosides, and 
water-soluble nonlipids. (Wi th  some silieie acid prep-  
arations sulfatides may  be eluted with phosphat idyl  
ethanolamine and phosphat idyl  serine.) Sample size 
and elution vols depend upon column diam. In  this 
laboratory  columns 2.5 (i.d.) x 20 em with a flow rate 
of 3 ml /min  are commonly used with f rom 100-300 
mg of brain  l ipid applied. The fract ion vols are col- 
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lected on the basis of a solids test (11) for each new 
lot of silicic acid since different preparations give 
different results. A cellulose column (see above) can 
be used prior to silicie acid column chromatography 
to remove gangliosides and water solubles. The silicic 
acid column can be prepared in chloroform, the sam- 
ple applied in chloroform, and neutral lipids eluted 
with chloroform followed by from 10-20% methanol 
in chloroform for intermediate fractions, and meth- 
anol to clear the column. Various chloroform/meth- 
anol/water and/or  one of the acidic solvent systems 
(see above) are used for quantitative TLC. 

M a g n e s i u m  S i l i ca te -TLC C o m b i n a t i o n s  

Neutral lipids can be eluted from dry magnesium 
silicate columns with chloroform (6 column vols), 
chloroform/methanol 95/5 (8 column vols) is then 
used to elute ceramide (and lipids of similar polarity), 
chloroform/methanol 2/1 (10 column vols) for the 
elution of cerebroside and sulfatide (also galaetosyl- 
glycerides and sulfolipid), methanol (10 column vols) 
for elution of phosphatidyl ethanolamine and the 
gangliosides, and the column cleared with chloro- 
form/methanol 2/1 saturated with water (11). Five 
percent (by vol) 2,2-dimethoxypropane is added to 
all solvents except chloroform/methanol/water. The 
elution vols and samples sizes depend upon the column 
diam. We utilize columns 2.5 (i.d.) x 10 em with a 
flow rate of 3 ml/min and 100--200 mg of brain lipid 
as sample. The amounts of individual lipid classes 
in each column fraction is then determined by one- 
dimensional quantitative TLC. The methanol and 
chloroform/methanol/water eluates contain some ad- 
sorbent, but this adsorbent will not interfere with 
quantitative TLC if all the solids are dissolved before 
spotting onto plates or lipid loss onto discarded ad- 
sorbent is prevented. Quantitative TLC possesses the 
advantage that nonlipid materials that do not char 
do not interfere with the quantitative determinations. 

A very simple elution scheme for brain lipids that 
may also be useful for other samples employs elution 
of neutral lipids with chloroform, followed by elution 
with methanol, and then chloroform/methanol 2/1 
saturated with water. This gives three easily quanti- 
tated fractions. 

A d v a n t a g e s  o f  C o l u m n  C h r o m a t o g r a p h y  C o m b i n e d  w i t h  
Q u a n t a t i v e  TLC 

The principal advantages are: 

1) Over]apping spots on thin layer chromatograms 
are greatly reduced in number by preliminary column 
chromatography. 

2) Minor components may be concentrated readily 
in a column fraction and then quantitated by TLC 
while with TLC alone they might go undetected or 
give such a small charring response that they could 
not be determined. 

3) Identification of lipid classes can be made more 
certain with column-TLC combinations. 

4) Simple column elution schemes can be utilized 
relative to those necessary for complete separation of 
lipid classes by column chromatography alone. 

5) I f  column performance is imperfect and some 
fraction overlap is obtained, this can readily be com- 
pensated for by determining the amount of each lipid 
class in the area of overlap and adding to the appro- 
priate major fraction. 

6) ~Vith column-TLC combinations the presence of 
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adsorbent or other nonlipid impurities (that do not 
char) in column fractions need not interfere with 
precise quantitative determinations. 

General Summary of Available 
Chromatographic Methods 

Three general procedures, column chromatography 
alone, TLC alone, and combinations of column and 
TLC are available for determination of polar lipids. 
The all column procedures are the means for careful 
standardization of all other procedures, for the isola- 
tion of adequate amts of material for characterization 
by acceptable methods, and for determination of 
fa t ty  acid composition. The more rapid TLC methods 
are highly desirable for routine analytical use when 
carefully checked and the limitations of the proce- 
dures defined. The several combinations of column 
chromatography and TLC will perhaps prove to be 
the most generally useful because the precision of 
column chromatography and the speed of TLC are 
utilized. The rapid methods employing only TLC 
should be used with caution. Serious mistakes may be 
made and the occurrence of new substances, even in 
such frequently examined tissues as liver (3), will 
present major problems. 
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