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Paper Chromatography of Lipids: 
Applications, and Interpretations 

Methods, 

GEORGE ROUSER, A.J. BAUMAN, NICHOLAS NICOLAIDES, 1 and DOROTHY HELLER, 
Department of Biochemistry, City of Hope Medical Center, Duarte, California 

T 
his  REVERT describes methods for  the paper  chro- 
matography of lipids and shows some of the 
ways the metlmds can be applied. The proper  

use of paper  chromatography requires a clear under- 
standing of the limitations of the method, and the 
limitations and uses are best appreciated against a 
background of interpretat ions concerning the mechan- 
ism of the chromatographic process at the molecular 
level. An effort is made to describe the probable basis 
for  paper chromatographic separations in this article, 
and for eolmnn chromatographic methods in another 
report.  

Paper  chromatography is useful for  the compari- 
sons of compounds as an aid in identification, for 
the detection and tentat ive identification of impuri- 
ities, reaction products  and intermediates, and for 
the exploration of variables before undertaking col- 
umn chromatography. The apparatus  is simple and 
the process is not difficult. A complete and reliable 
characterization of a lipid by paper  chromatography 
is not always possible. Even when compounds are 
compared with different types of solvent systems, one 
should consider the results tentat ive unti l  confirmed 
(spectral properties, hydrolysis products, formation 
of derivatives).  Paper  chromatography has set new, 
high standards for  the pur i ty  of Iipids and allied 
substances, and has been used extensively in the de- 
velopment of new column procedures and for moni- 
toring of column fractions. 

Paper  chromatography is not  generally as useful 
as column chromatography for the isolation of pure  
lipids. The ease with which pure  substances can be 

1 On Ieave ef absence from the Departmen~ of Biochemistry  a n d  Divi- 
sion of Dermatology, Univers i ty  of Oregon !Vfedical School, Por t land,  
Oregon. 

isolated ill large amounts suiteoie for  eonlplete char- 
acterization makes column procedures more desirable. 
Exposure to air and autoxidation are easily avoided 
ill column chromatography. 

Attempts to use paper chromatography for quan- 
titative determinations are generally not entirely 
satisfactory. Fa i r ly  precise quanti tat ive paper chro- 
matographic methods can be developed for authentic 
compounds. When the methods are applied to bio- 
logical samples however a nmnber  of difficulties are 
encountered. A single spot on a chromatogram may 
represent more than one substance. Another diffi- 
culty is the selection of a sensitive, specific assay 
method for small amounts of material. Color reac- 
tions are difficult to control and the sensitivity may 
vary. When an elation method is used, impurities 
elated fronl the paper along with the sample may 
influence the determinations. Paper  ehromatogTaphy 
is sometimes selected for quanti tat ive determinations 
because of the mistaken impression that  column chro- 
matographic procedures can not be made to handle 
extremely small samples. Although the ease with which 
small samples may be examined by column chroma- 
tography does vary, the extremely small amounts of 
lipids that  can be detected and determined by gas 
chromatography make it quite clear that  colunm chro- 
matography can be even more sensitive than paper  
chromatography, or modifications such as thin-layer 
chromatography. 

Types of Paper  Chromatography 

The chromatographic process is recognized as being 
one of adsorption or partit ion. Adsorption columns 
have been used widely, but  the process is seldom used 
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for paper chromatography. Adsorption chromatog- 
raphy may be distinguished readily from partition 
chromatography at the molecular level. In adsorption 
chromatography the substance being ehromatographed 
attaches directly to the solid adsorbent, that is, the 
strictly immobile part of the stationary phase. In par- 
tition chromatography the substance being chroma- 
tographed does not attach directly to the completely 
immobile part  of the stationary phase, but rather 
attaches through liquid (solvent) molecules to the 
insoluble (immobile) part  of the stationary phase. 
This attachment in partition chromatography is gcn- 
erally through water molecules; thus hydrogen bond- 
ing plays a major role in partition chromatography. 

Ion exchange chromatography may meet the defini- 
tion for adsorption chromatography, but ion exchange 
is conveniently considered as a separate process be- 
cause colmnn performance is different and in many 
eases is more like partition chromatography. This 
may be related to the fact that ions may be hydrated, 
etc., and not show simple behavior. 

Adsorption can be distinguished from partition by 
the results obtained by colunm or paper chromatog- 
raphy. Adsorption chromatography is characterized 
by long tails on peaks. Similarly elongated spots are 
to be expected on paper chromatograms. This char- 
acteristic limits the value of adsorption for chroma- 
tography. The tailing is brought about by the fact 
that relatively more substance is adsorbed per gram 
of adsorbent from more dilute solutions, i.e., as the 
concentration of a substance in the external solution 
decreases, the ratio of amount of substance adsorbed 
to the amount remaining in solution increases. As one 
molecule of substance undergoing adsorption may in- 
terfere with the adsorption of another molecule, the 
greater efficiency of adsorption at low conceutratio~ 
is readily appreciated. Tailing is not an invariable 
feature of partion chromatography because in this 
process attachment to the stationary phase is not as 
firm and, as attachment is through solvent molecules 
usually present in large excess, the process remains 
constant despite changes in concentration of the sub- 
stance(s) being chromatographed. The detachment 
of the substance from the stationary phase in par- 
tition chromatography is accomplished by breaking 
hydrogen bonds and other noncovalent bonds between 
the substance being ehromatographed and fairly mo- 
bile solvent molecules that make up a portion of the 
stationary phase. 

I t  is to be emphasized that adsorption and partition 
chromatography can be distinguished readily by ex- 
amination of the column or paper chromatographic 
results. The fact that the process on paper chroma- 
tograms and thin-layer chromatograms (stationary 
phase spread on a glass plate) is one of partition for 
the most part rather than adsorption can be seen 
immediately from the fact that discrete spots are ob- 
tained without trailing or streaking. This emphasizes 
the partition chromatographic nature of these sys- 
tems. Ion exchange is also involved in many systems. 
The thin-layer technique is thought of by some as an 
adsorption process, but the reasons for this are not 
clear. The discreteness of the spots obtained, the 
inevitable presence of water in the system (despite 
activation by heat because of reabsorption of water 
from the atmosphere during spotting to plates, etc.), 
and the fact that water is required to obtain good 
round spots, all indicate that the process is partition 
rather than adsorption chromatography. 

Paper and column chromatographic procedures are 
frequently designated as reverse phase chromato- 
graphic systems. Paper chromatography was initially 
applied to polar and water soluble substances where 
the stationary phase is composed primarily of cellu- 
lose and bound water. Water molecules hydrogen 
bond to the hydroxyl and other groups of the cellu- 
lose to form the " s ta t ionary"  phase. A less polar 
mobile phase nfigrates down the paper. When this 
system is reversed, that is, when a nonpolar substance 
is present in the stationary or nonmobile phase and a 
nmre polar solvent migrates do~ l  the paper, the pro- 
cedure may be termed reversed phase chromatog- 
raphy, tleversed phase systems are obtained by im- 
pregnating paper with substances such as paraffin oil 
or silicone oil. The polar functional groups of the 
paper are no longer important components of the 
stationary phase, but rather paper becomes simply a 
support. Similar techniques can be used for column 
chromatographic work. 

It  is to be clearly understood that the impregna- 
tion of paper with silieic acid, various silicates, and 
other polar substances does not provide a reversed 
phase system. These polar substances interact with 
the polar groups of the lipid molecules in contrast 
to the reverse phase systems (such as hydrocarbon 
stationary phases) that interact with the hydrocarbon 
portion of the lipid molecule. While silieic acid and 
other similar polar stationary phases fractionate lipids 
on the basis of the polar groups, the reverse phase 
systems fractionate lipids on the basis of l en~h  and 
unsaturation of the hydrocarbon chains. With polar 
stationary phases, such as silicic acid, there is gen- 
erally a relatively small amount of fractionation of 
lipids on the basis of fa t ty  acid composition (chain 
length and unsaturation) so that an entire lipid class 
may be obtained as a single spot on a chromatogram 
or as a relatively uniform peak on a column regard- 
less of fat ty acid composition differences. On the 
other hand a reverse phase system is of limited use 
for the fractionation of substances on the basis of 
polar groups as relatively small changes in polarity 
radically alter migration so that substances differing 
by one polar group migrate so far apart that different 
classes of lipids may not be seen in the body of the 
chromatogram. 

It  should be appreciated however that polar sta- 
tionary phases do not always show exact correspond- 
ence of lipids of the same class but with different 
fa t ty  acid compositions. I t  is usually observed that a 
peak from a column chromatogram is not uniform in 
its fat ty acid composition when small subfractions 
are examined. There is some fraetionation according 
to fat ty acid composition. The same situation holds 
for paper chromatography (see Figs. 18 and 19). 
Slight differences in migration are difficult to detect, 
but when large differences in chain length are in- 
volved, as for example with cholesterol palmitate 
and cholesterol acetate, the two substances differing 
in chain length can be separated completely. Other 
more polar substances do not show this effect to the 
same extent. 

Reverse Phase Paper Chromatography 
No,polar Stationary Phase. We do not intend to 

consider reverse phase paper chromatography in de- 
tail in the present, discussion because, despite the 
value of some of the methods, gas chromatographic 
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procedures can largely supplant them. Reverse phase 
paper chromatography has been used for a number of 
years for the higher fat ty acids. Following the initial 
observations of Kaufmann and Nitsch (1), who used 
paraffin oil or undeeane impregnated paper and de- 
veloped chromatograms with a mixture of acetic acid 
and water, a number of systems of a similar nature 
have been reported. These include the use of silicone 
oil as a reverse phase component (2) and modifica- 
tions of the original Kaufmann and Nitsch procedure. 

All of these systems have one major defect. So- 
called critical pairs of fat ty acids are not separable. 
The critical pairs are oleie and palmitic acids, my- 
ristie and linoleic acids, etc. A carbon chain length 
decrease of two carbon atoms is generally equivalent 
to the increase in polarity of the molecule brought 
about by the presence of a cis double bond. It  is of 
some interest to inquire as to the reason for this 
behavior. 

The solubility of a fat ty acid or other hydrocarbon 
chain in a hydrocarbon or hydrocarbon-like station- 
ary phase depends upon the interaction of hydrocar- 
bon chains of the stationary phase and of the fatty 
acids by van der Waals attractive forces. The ex- 
tent of these interactions will increase with increasing 
chain length and should decrease with the introduc- 
tion of a double bond. 

With the reverse phase paper chromatographic sys- 
tem for fat ty acids the presence of a cis or trans 
double bond is of considerable importance, and cis 
and tra~s isomers may be separated. The trans double 
bond produces a minimal shortening of the carbon 
chain in the extended form, and thus decreases the 
interaction with the saturated hydrocarbon phase to 
a minimum extent. I t  is therefore not surprising 
that elaidic acid migrates only slightly ahead of 
stearie acid in the reverse phase paper chromato- 
graphic system of Kaufmann and Nitsch. A cis 
double bond, on the other hand, reduces the effective 
chain length more and the extent to which molecules 
line up and attractive forces are established is de- 
creased even more. Some differences should be ex- 
pected between the cis and tra~s double bond, but it 
might also be expected that some separation could 
be obtained between oleic and palmitie acids. Since 
the polarity introduced into the oleie acid molecule 
from the doable bond is important in increasing the 
solubility of the fat ty  acid in the polar mobile phase 
(dipole-dipole interactions), the unsaturated fatty 
acid migrates even further down the paper than one 
might have expected from a simple decrease in the 
retention of the molecule in the stationary phase. 

I t  is instructive to compare reverse phase chroma- 
tography with the gas liquid ehromatogTaphie process 
where an inert mobile phase is utilized. The gas chro- 
matographic process is different from the paper 
chromatographic process because the substance being 
ehromatographed is dissociated from the stationary 
phase by heat rather than by solvent elution, and the 
substance being chromatographed is moved through 
the column with a flow of inert gas, i.e., the gas does 
not interact to any appreciable extent with the mole- 
cules being ehromatographed. Because of the inert- 
ness of the mobile carrier gas in gas chromatography, 
the critical pairs that are encountered in reverse phase 
paper chromatography can be separated. It  is of some 
interest to speculate upon the potential use of gas 
chromatography with a carrier gas of sufficient polar- 

ity to influence the separation process itself. This 
can be accomplished by using relatively low polarity 
gases or a mixture of an inert gas and a small amount 
of a more polar gas. Such systems should have dif- 
ferent resolving powers. 

Other valuable reverse phase systems for lipids 
have been developed in particular Kaufmann's labo- 
ratory. The methods for the separation of triglyc- 
erides (3) and of the dinitrophenylhydrazones of 
fatty aldehydes (4) are useful. I t  is to be noted that 
fat ty aldehydes may be separated conveniently and 
quantitated by gas chromatography. 

Polar S t a t i o n a r y  Phase  Chromatographic  Methods  

1. Reasons for the impregnation of filter paper, results with 
different agents, and the basis for the chromatographic 
separations. 

Unimpregnated filter paper can be used for the 
separation of lipid materials with appropriate sol- 
vents (5). The major difficulties encountered with 
unimpregnated filter paper are a lack of reproduci- 
bility related to the difficulties encountered in con- 
trolling the water content of the system, and to the 
relatively low capacity of such systems. Virtually all 
of the separations that are achieved on unimpreg- 
noted filter paper are probably by means of hydrogen 
bonding interactions between the polar functional 
groups of the paper and the substance being chroma- 
tographed, probably through the mediation of water 
molecules. 

Paper may be impregnated with an insoluble polar 
substance to obtain increased capacity. From the 
historical standpoint silicic acid was the first truly 
successful substance used to increase the capacity of 
a polar stationary phase system for chromatography 
of lipids. This account will not follow the historical 
development; instead results will be presented in a 
way that denmnstrates the basis of the chromato- 
graphic process. 

A variety of salts including sodimn and potassimn 
phosphates, sodimn su]fate and carbonate, and even 
sodium chloride, may be used to impregnate filter 
paper for the chromatography of lipids (6,7). By 
varying the polarity of the solvent used as the mobile 
phase, it is possible to obtain separations of nonionic 
and relatively nonpolar lipids or ionic and highly 
polar lipids. The molecular interactions appear to 
be to a great extent those of hydrogen bonding and 
dipole-dipole interactions of the lipids through water 
to the polar groups of the stationary phase. That the 
hydrogen bonding process for the more polar compo- 
nents and dipole-dipole interactions for the less polar 
substances are of primary importance is indicated by 
the fact that similar separations can be obtained by 
using substances such as dimethylfornmmide. As an 
example, the system that we have described usin~ 
dipotassium hydrogen phosphate for impregnation of 
filter paper with the development of the ehromato- 
gram with chloroform/methanol, 4/1, (v/v) can be 
reproduced closely with the same solvent mixture 
when dimethylformamide is used for impregnation of 
paper. Salts such as sodium chloride are less effective 
than salts such as sodium acetate that contain an 
oxygen functional group. 

Water is an important part of the stationary phase 
in these systems. This can be demonstrated readily 
by carefully maintaining the system in an anhydrous 
or nearly anhydrous state. When the water content of 
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Solvents  Condi t ions  * Compounds  F i g u r e s  

(1)  n - H e x a n e  ......................................................................... 

i 

(2)  Benzene  ........................................................................... 

(3)  5% diethyl  e ther  in  n -hexane  .......................................... 

(4 )  1 0 %  diethyl  e ther  in n -hexane  ........................................ 

(5)  2 5 %  diethyl  e ther  in n-hexane  ........................................ 

(6 )  4 0 %  diethyl  e ther  in  n -hexane  ........................................ 

(7 )  0 0 %  diethyl  e ther  in  n -hexane  ........................................ 

(8 )  1 0 0 %  dlethyl  e ther  .......................................................... 

(9)  Ct tCls /ace tone ,  4 / 1  ......................................................... 

(lO) r 7 / 1  ........................................................ 

( 1 1 )  CHC13/CH30H,  4 / 1  ........................................................ 
( 12 )  CI:ICI~/CtIs01:I ( 4 / 1  + 8 ml . / I ,  cone. aqueous  

a m m o n i a )  ........................................................................ 

( 13 )  CYiCl3 /ace tone (4 /1 ) ,  85 vols. -1- 9 0 %  fo rmic  acid, 
15 vols ............................................................................. i 

(1~)  ( a )  CI:[C13/aeetone ( 4 / 1 ) ,  95 vols. + (b)  glacia l  ] 
acet ic  a c i d / w a t e r  ( 9 / 1 ) ,  5 vols ....................................... I 

(15 )  As for  (14 )  b u t  ( a )  and  (b)  mixed  8 5 / 1 5  ..................... [ 
2 ~ I ( 1 6 )  As for  ( 1 4 )  h u t  (a )  and  (b)  mixed  7 5 /  o ..................... 

( 17 )  n - B u t a n o l / a c e t i c  a c l d / w a t e r  ( 4 / 1 / 5 )  
( u p p e r  l ayer )  .................................................................. 

1, 60 rain.  

1, 90 min .  

1, 60 min .  

1, 60 rain. 

1, 60 rain.  

1, 60 rain.  

1, 60 rain.  

1, 60 rain.  

1, 60 rain. 
2 and  3, 30 rain.  

2 and  3, 30 rain.  

4, 120 min .  
4, 1 2 0 - 1 8 0  

rain. 

4, 180 min .  

4, 180 rain. 
4, 180 rnin. 

5, 8 - ] 8  hrs .  

S a t u r a t e d  and  u n s a t u r a t e d  hydroca rbons ,  f a t t y  
acid  esters ,  s terol  es ters  

F a t t y  acids,  sterols,  sterol esters ,  mono-, di-, and  
t r ig lycer ides  

Compounds  in (2)  and  v i t an l in  K,  tocopherols  
( v i t a m i n s  E ) ,  ooenzyme Q, h y d r o x y  acids, 
v i t a m i n s  A and  D2 

Compounds  in (3)  and  the  methyl  es ters  of the  
2- to 16-hydroxypahn i ta tes  and  o ther  hyd r oxy  
f a t t y  acids  

Sterols. h y d r o x y  fa t ty  acids and  the i r  methyl  
esters,  mono- and  diglycer ides ,  a-glyceryl  e thers  

Subs tances  wi th  2 hydroxy l  g r o u p s  or  I hydroxyl  
and  1 carboxyl  g roup  

As for  (6)  
Subs tances  w i t h  2 or  3 f r ee  hydroxy l  g roups  or  2 

hydroxyl  g r o u p s  and  1 carboxyl  g roup  (cera-  
mides,  cholic and  deoxycholie acids,  etc.)  

Ce ramides  ( compounds  wi th  2 to 4 f ree  hydroxy l  
g r o u p s )  

Phosphol ip ids  

Phosphol ip ids ,  su l fa t ides  

Phosphol ip ids ,  cerebrosides ,  su l fa t ides  

P a r t i c u l a r l y  use fu l  for  su l fa t ides  

Ceramides ,  cerebrosides ,  some phesphol ip ids  

Phosphol ip ids ,  cerebrosides ,  su l fa t ides  

Phosphol ip ids ,  su l fa t ides  

Gangl ios ides  

1,26 

2,3 

4-6, 23, 25, 27 

7-10 

22 
11, 12, 24, 28, 

29 

20, 21 

15-19, 30, 31, 
32 

13, 14 

* The  n u m b e r  of rain.  de s igna t e s  the  t ime  r e q u i r e d  for  so lvent  to t r ave l  8 to 10 in. a t  25 ~ I ~  (1)  Acid ic  silieie acid  paper ,  a s c e n d i n g  technique ,  
c h a m b e r  l ined w i t h  p a p e r  s a t u r a t e d  wi th  solvent  j u s t  p r i o r  to i n se r t i on  of pape r s .  (2)  3 M2ff p a p e r  i m p r e g n a t e d  wzth 0.5 3/I d l p o t a s s m m  h y d r o g e n  
phosphate ,  a s c e n d i n g  t echn ique  un l ined  chamber .  (3)  3 I~L-V[ p a p e r  i m p r e g n a t e d  w i t h  1 5~ sod ium ca rbona te  solution, a scend ing ,  un l ined  chamber .  
(4 )  N e u t r a l  sil icic ac id  p a p e r :  a s c e n d i n g  ch roma tog raphy ,  un l i ned  chamber .  (5 )  W h a t m a n  No. 4 paper ,  a s c e n d i n g  c h r o m a t o g r a p h y ,  un l ined  chamber .  
All p a p e r s  7 in. x 9 in.  (except  fo r  sys tem 17 w h e r e  p a p e r s  12 in. to 18 in. long  a re  used)  and  deve lopment  in c h a m b e r s  1 0 ~  in.  x 2~4 in. x 10 �89 
in. ( l x w x h ,  i n t e r n a l  d imens ions )  except  for  sys tem 17 whe re  a c h a m b e r  18 in. h i g h  and  12 in. in  d i a m e t e r  is used.  

the system is reduced by heating (100-120~ and 
the papers are kept in a dry atmosphere prior to chro- 
matography, the capacity of the stationary phase to 
bind lipid is greatly reduced. The importance of 
water is further indicated by the fact that the order 
of migration of the lipid classes is not ahvays altered 
by changing the nature of the salt or the organic 
substance in the stationary phase. When ion exchange 
is involved as well as hydrogen bonding, relative nfi- 
grations may change. 

The relative migration of phosphatidyl ethanola- 
mine and phosphatidyl serine can be used to illus- 
trate the role of ion exchange in the paper chroma- 
tographic process. Phosphatidyl serine has a earboxyl 
group in addition to the amino and phosphate groups 
present in phosphatidyl ethanolaufine. When these 
two lipids are chromatographed in an acidic system, 
that is, where the stationary phase is snfficiently acidic 
(as with acid washed silicie acid) to depress the dis- 
soeiation of the carboxyl group of phosphatidyl serine, 
the two ]ipids are not separated (7). When phospha- 
tidyl serine in the salt form is ehromatographed in a 
neutral or basic system, phosphatidyl serine is readily 
separated completely from phosphatidyl ethanolamine 
(7). The acidic stationary phase converts the ear- 
boxylate ion to the undissoeiated earboxyl group and 
this form of phosphatidyl serine is not separated com- 
pletely from phosphatidyl ethanolamine. The denmn- 
stration of this difference by paper ehromato~'aphy 
facilitated the development of the first column chro- 
matographic procedure for the separation of phos- 
phatidyl ethanolamine and phosphatidyl serine (6). 

A very important form of interaction in paper 
chromatography of lipids was first appreciated in 
work with acidic lipids (6,7). Strong hydrogen bonds 

appear to be formed between anionic groups of a lipid 
(such as the earboxyl group of phosphatidyl serine) 
and anionic groups of an adsorbent (such as silicate) 
through water molecules. Awareness of the impor- 
tance of this type of bonding occurred while study- 
ing the eolmnn chromatography of ionic lipids on the 
sodium and pota~inm forms of phosphoeellulose. We 
had thought that the negatively charged phosphatidyl 
serine molecule might pass through the column ahead 
of phosphatidyl ethanolamine. We found however that 
phosphatidyl serine was more firmly retained by the 
phosphocellulose. This apparently paradoxical situ- 
ation whereby a negatively charged substance is 
bound to a negatively charged stationary phase be- 
came understandable when it was realized that the 
sodium form of phosphoeellulose failed to retain 
lipids at all in the absence of water. This work has 
been extended to other polar stationary phases which 
showed that similar behavior is exhibited by silicates, 
sulfates, and other anionic substances. This will be 
considered further in an accompanying report on 
column chromatography. The great s t ren~h of this 
type of binding probably arises from the greater 
negative charge of the earboxyl group of the anion. 

In summary, it appears that the polar stationary 
phases used in the chromatography of lipids interact 
in three major ways: the dipole-dipole type of inter- 
action is encountered with relatively nonpolar lipids 
(such as unsaturated hydrocarbons), while hydrogen 
bonding and ion exchange are important for the polar 
and ionic lipids. 

Silicie acid is one of the most useful substances for 
impregnation of paper. Since Dieekert and Reiser 
(8), and Lea, Rhodes, and Stoll (9) first reported the 
successful use of silicic acid impregnated filter paper 
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for  separat ions in the lipid field, other useful meth- 
ods have been introduced f rom several laboratories 
(5,6,10,11). In  the discussions below, the results of 
extensive investigations in this laboratory  will be 
presented for  a var ie ty  of lipids. 

2. The preparation of silicic acid impregnated paper. 

Silicie acid impregnated  paper  is p repared  by dip- 
ping filter paper  into a sodium silicate solution and 
then into mineral  acid. The paper  is then washed 
with water  to remove excess acid and salt. Papers  
of widely different character  tha t  give different sep- 
arat ions may  be p repared  using the same general 
technique. 

The sodium silicate solution may  be obtained com- 
mercially (a f requent ly  used product  is that  sup- 
plied by  Mall inekrodt)  or may  be p repared  f rom 
silicic acid).  

The Sodium Silicate Solution. (1) To 1 1. of distilled 
water  in a 4-]. beaker add 280 g. of sodimu hydroxide 
pellets. St i r  unti l  dissolved and cool in a basin of 
water.  Add 400 g. of silieic acid slowly with st irr ing 
and cool to room tempera ture  (the sp. gr. should be 
about 40-42 ~ B6.). Dilute with 500 ml. of distilled 
water  and mix thoroughly.  (2) Mall inekrodt sodium 
silicate solution (40-42 ~ B~.) is di luted with an equal 
volume of distilled water.  (3) Mall inckrodt  sodium 
silicate (40-42 ~ B6.) is di luted with an equal vohnne 
of 6 N KOH,  shaken vigorously to mix and allowed 
to s tand overnight  to settle. The uppe r  layer  is used 
for impregnat ion of papers.  

Impregnation and Drying of Paper. W h a t m a n  No. 
1 or 3 M1V[ paper  for  chromatography  is cut into 
7 x 11-in. pieces with the long dimension being in the 
direction of the grain (the machine direction should 
be indicated on the box containing the paper ) .  Un- 
washed paper  m a y  be used sat isfactori ly with silicate 
solutions 1 and 3 above, but paper  prewashed by cap- 
i l lary descent with 2 N acetic acid is preferable  with 
silicate solution 2. 

An amount  of sodium silicate solution just  adequate 
to impregnate  the number  of papers  to be p repared  
is poured into a large glass or porcelain t ray,  and the 
papers  are immersed in the solution for at least 5 rain. 
The papers  are removed and excess sodium silicate is 
removed by passing the paper  gent ly  over a smooth 
edge of the t r ay  or by  hanging on a glass rod and 
pushing the excess off by passing two glass rods, one 
on either side, down the paper.  (The paper  should 
not be allowed to d ry  prior  to insert ing in the hydro- 
chloric acid solution. I t  is not necessary to let the 
paper  stand in air pr ior  to t ransfer  to acid.) 

The papers  are next  immersed in 6 N HC1 acid in a 
glass t ray.  Fo r  each ten papers  (No. 3 MM),  1 1. of 
6 N acid is used with silicate solutions 1 and 3 above, 
or 250 ml. of 6 N acid sa tura ted  with NaC1 for  solu- 
tion 2 above. The papers  should be t ransfer red  to the 
t r ay  individual ly and not allowed to touch for  a min- 
ute or so (uneven coating results f rom papers  sticking 
together before the surface silicate is converted to 
silicie acid).  The papers  are kept  in the acid for  10 
to 30 min. 

Excess acid and salt are removed by  t ransfe r r ing  the 
papers  to a glass t r ay  containing 2 1. of distilled water  
(used for only 10 papers) .  Several types of paper  
tha t  give different separat ions are made by  control- 
ling the number  of water  washes. I t  was found tha t  
two washes with 2 1. of distilled water  gives an " a c i d "  
paper.  The p t I  of the wash water  at  equilibrium is 

about 2. Four  2-1. washes give a " n e u t r a l "  paper  
and the p H  of the final wash at equil ibrium should 
be about 5. Uni form washing is achieved by gently 
rocking the t r ays  for  several minutes and prevent ing 
papers  f rom fall ing on top of each other and fail to 
equilibrate with the wash water. Each paper  can be 
rinsed with a s t ream of distilled water  between washes 
to increase the efficiency of each wash. The procedure 
must  be standardized in each laboratory and the exact 
number  of washes required for  a given type of paper  
will depend upon the exact technique used (extent 
of agitation, etc.). 

The acidity of the paper  may be related to the mi- 
grat ion of a f a t t y  acid (e.g. oleie acid) in system 12 
of Table I. On very acid paper  the f a t ty  acid mi- 
grates to or very  near  the solvent front.  On very  
neutral  paper  f a t ty  acid nfigrates about with lecithin 
(see Fig. 18). 

The paper  can be dried at room tempera ture  or in 
an oven. As the amount  of water  in the paper  affects 
chromatographic  nfigration, the dry ing  should be car- 
ried out in a uni form manner.  Acid paper  may  be 
dried in an oven at 60-100~ but  should not be 
heated af ter  it is jus t  d ry  because it will become 
brit t le and then turn  brown. Neutra l  paper  can be 
act ivated (free water  removed) by heat ing at  100- 
120~ until  d ry  and then for an addit ional 10 to 30 
rain. The papers  are placed in a polyethylene bag 
while hot when very d ry  paper  is desired. Plastic 
bags are ideal for mainta ining papers  at any  water  
content desired and best results are obtained if two 
bags, one inside the other, are used. ~ioderately d ry  
paper  is used for most purposes, but  very  dry  or moist 
papers  are sometimes useful. 

Uneven deposits of silicic acid on the paper  can be 
smoothed out by rubbing with a piece of soft paper  or 
cloth. This is usually desirable when ehromatograms 
are to be photographed.  

Comments on Difere~wcs i~ Papers. The papers  
described above (prepared  with No. 3 MM) have a 
high capaci ty and should have about 4 g. of silicic 
acid per  sheet (about 25% of the weight of each 
paper) .  Papers  with less silicic acid can be obtained 
by dilution of the sodium silicate solution to the de- 
sired level. Although papers  impregnated with small 
amounts of silicie acid allow solvent to t ravel  very  
fast  (up to 4 times as fast  as heavily i m p r e ~ m t e d  
paper ) ,  such papers do not have the high capaci ty of 
the heau coated papers.  We  prefer  thicker 3 MM 
paper  with a max inmm of silicie acid as more lipid 
(up  to several  hundred  micrograms)  can be applied 
to a small spot. This grea t ly  increases sensitivity for  
pur i ty  cheeks and for  the recognition of minor com- 
ponents in mixtures.  Relat ively short  ehromatograms 
are required for  good separations. Once spots are just  
separated,  fu r the r  solvent migrat ion is of little signifi- 
cance. When compounds migra te  too close together, 
it is usually best to change solvent systems ra ther  than  
extend runn ing  time for  increased resolution. 

3. Spotting of paper chromatograms. 

Ideally,  solutions of the lipids or other substances 
to be chromatographed should be sufficiently concen- 
t ra ted  so tha t  a suitable amount  of mater ia l  is ob- 
tained with a single application. Several applications 
with complete d ry ing  in between each one can be used 
to provide enough mater ia l  without  sacrifice of spot 
shape, provided each successive applicat ion is centered 
exactly on the point of the previous applicat ion and 
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the spot diameter does not change appreciably dur ing 
successive applications. A suitable concentration range 
for a mixture may be found by prepar ing the lipid 
in a concentration of 2-5 mg./ml, and spotting 10-40 
lB. volumes of solution (to give amounts of lipid equiv- 
alent to 20-200 ~g. or more in some cases) followed by 
development of a trial  ehromatogram. When most of 
the lipid fails to migrate or migrates to the solvent 
front,  more of the mixture  can be applied and com- 
ponents that  migrate within the body of the ehro- 
matogram may be detected at very  low levels with 
ease. The examination of a near ly  pure substance for 
trace impurities or chromatography of a s tandard can 
be carried out with 10-100 t~g. of lipid in a single 
application of 10-20 ~1. solution. 

An appropriate  solvent must be used for applica- 
tion. Generally a solvent should be selected that  will 
readily elute all of the lipids to be examined from 
silicic acid. A solvent that  will push the lipids to or 
near the solvent f ront  is usually chosen. This insures 
uniform spreading of the material throughout  the 
spot area. I f  a solvent that  does not elute the lipids 
readily f rom silieic acid is used for application, the 
solvent may spread, but  the lipid components may 
remain in the center of the spot (the silicic acid will 
retain the lipid and much of the lipid may remain at 
the initial point of contact).  Thus petroleum ether or 
hexane should not be used for the application of neu- 
t ra l  lipids, while benzene is f requent ly  useful and 
chloroform is generally suitable. I f  the material  
remains at the center of the spot and does not spread 
properly,  the ehromatogram may be overloaded and 
elongated spots or streaks may be obtained. 

Chloroform/methanol,  2/1, (v /v)  is an ideal spot- 
t ing solvent for  mixtures of phospholipids. Mixtures 
with less methanol can be used where most of the lipid 
migrates relatively f a r  down the paper. Pure  cerebro- 
sides can be prepared in concentrated solutions for 
spotting to paper  in chloroform/methanol,  4/1, con- 
taining 2.5% pyridine or 0.5% water. Water  is usu- 
ally best as a small amount of pyridine may remain 
on the paper and give rise to a purple  spot on the 
final ehromatogram (see Figures 13,14). 

Under  some conditions the sensitivity for  the detec- 
tion of impurities or minor components of a mixture 
can be increased by choosing just  the proper  solvent 
for  application. I f  most of the materiM fails to mi- 
grate f rom the origin or migrates to the solvent front ,  
the sensitivity for  small amounts of impurities that  
migrate in the body of the chromatogram tan  be 
improved by choosing a solvent that  will not spread 
the lipid over the complete area covered by the sol- 
vent  (the smaller spot size of lipid increases the ease 
of detection). A small amount  of a relatively slow 
moving component in the presence of large amounts of 
substances that  migrate fu r the r  down the paper  can 
sometimes be determined more readily with a solvent 
that  does not completely spread the slow moving com- 
ponent over the area of the spot, while faster  moving 
components are spread out almost completely. Under  
these conditions the smaller spot size for  the minor 
components gives increased sensitivity. In general, 
a smaller amonnt of lipid may be detected if the spot 
size is very  small. Thus, less than  1 ~g. of most of 
the lipids can readily be localized on chromatograms 
when applied in 2-4 ~1. of solvent. Application of 
extremely small spots has disadvantages. I t  is more 
difficult to recognize minor components of mixtures 

and more difficult to demonstrate spots clearly in 
photographs. 

P roper  spot shape can usually be obtained in ascend- 
ing chromatography when the origin is i to 1.5 in. 
above the solvent level. The placement of the origin 
for descending chromatography depends upon the 
exact equipment used. 

The migration characteristics of substances on paper  
ehromatograms is influenced by the water content of 
the silieie acid paper. Water  is an essential component 
of most of the chromatographic systems as discussed 
above. The water content is controlled in par t  by a 
uniform drying procedure and a uni form method of 
storing the paper  pr ior  to chromatography, as de- 
scribed above. In  a very  humid room, or when a very  
d ry  paper is desired, application of the sample must 
be carried out in a d ry  atmosphere. I t  is not possible 
to prevent  some rehydrat ion of paper  other than by 
working in a d ry  box, but  it is possible to great ly 
reduce rehydrat ion by placing the paper  between glass 
plates covered with clean d ry  paper. In  this case only 
the small area to be spotted is exposed. Of course, 
this nmst be done immediately af ter  the paper is re- 
moved from the d ry  storage container (plastic bag). 
Af ter  spotting, the papers are placed in a polyethyl- 
ene bag, t ranspor ted to the chromatography chamber, 
and t ransfer red  to the chamber f rom the bag. In  this 
way it is possible to great ly  reduce the water content 
of the system for comparison with results obtained 
with paper  hydra ted  to any desired level. 

4. Chamber equilibrium conditions and development of paper 
chromatograms. 

The results obtained with a given developing sol- 
vent  may vary  quite widely depending upon the size 
of the chamber, the type of solvent, the presence or 
absence of a paper  liner, and the number of papers 
placed in the chamber. With the extremely volatile 
solvents used for the nonionie lipids (hexane, ether, 
etc.), it is always wise to use a paper  liner in the 
chamber. The paper liner is saturated with solvent 
just  before the chromatograms are inserted for  devel- 
opment. Saturat ion of the liner decreases evaporation 
of solvent f rom the paper dur ing development. 

The amount  of solvent that  evaporates f rom the 
paper during development is important  for  two rea- 
sons. First,  the development time is considerably re- 
duced if the atmosphere inside the chamber is more 
near ly  saturated with solvent and evaporation from 
the chromatogram is decreased. Second, the extent  of 
migration is altered as a result  of the different solvent 
proportions created by unequal  evaporation of com- 
ponents of a mixture. 

Development time is usually reduced in a small 
chamber. When the ratio of surface area of the paper 
to total volume of chromatographic chamber is large, 
evaporation from the paper  and development time are 
decreased. Because some solvent does leave the paper  
and solvent may be t ransfer red  f rom the atmosphere 
to the paper, it is evident that  the composition of the 
mobile and s tat ionary phases may change dur ing the 
chromatographic process. Some change is inevitable 
with a mixture of solvents when chromatography is 
begun with solvent free paper  in the usual manner.  
The more polar component(s)  of the solvent mixture  
will drop out preferent ia l ly  into the polar s tat ionary 
phase as the mixture passes down the paper. The 
mobile phase is gradual ly depleted of the more polar 
component(s) .  Fur thermore ,  the most volatile corn- 
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portents will tend to leave the paper  to a g'reater ex- 
tent and there will be a relative increase in the less 
volatile components. These factors must be kept in 
mind if reproducible results are to be obtained. 

I t  is wise to keep in mind that  when a small chamber 
with a saturated paper l iner is used, the development 
time may be very  short and the ratio of solvent com- 
ponents for optimum resolution may be different from 
the ratio tha t  is required to give similar migration 
characteristics over a longer period of time in a larger 
ehamber (with or without a l iner).  I f  one desires 
therefore to speed up a system that  was originally 
developed for an unlined, relatively large chamber, a 
smaller chamber with a saturated liner can be used, 
but  it may be necessary to change the solvent propor- 
tions in order to obtain the proper  migration of com- 
ponents down the paper. 

A satisfaetory ehamber size for ascending chroma- 
tography is 1 0 ~  in. x 2:~ in. x 10~/e in. (1 x w x h, 
internal  dimensions). The chambers may be obtained 
from Brinkman Instruments  Ine., 115 Cutter  Mill 
Road, Great  Neck, L.I., N.Y. Two chromatograms are 
developed at a time. When a larger  nmnber of ehro- 
matograms are to be developed, a wider chamber can 
be used, although several small ones may be better. 
The small chambers are lined with paper held in place 
by  glass rods cut to fit t ight ly and placed across each 
end of the ehamber. The ehromatogram is attached 
with a clip to another glass rod running the full 
length of the chamber and cemented into place with 
epoxy resin or calcium silicate. The clip prevents the 
papers  f rom moving during development. The chro- 
matographic solvent is poured into the chamber to a 
level of about 1 in. (about 400 ml.) and the chamber 
liner is saturated just  before the papers are inserted 
by ti l t ing the chamber first to one side and then the 
other. The top is sealed with silieone stop cock grease 
af ter  the papers are inserted, the ehamber is leveled 
to insure a straight solvent f ront  (the edge of the 
paper should be straight and the paper inserted 
straight  up  and down). The composition of a sol- 
vent mixture inside the chamber will change due to 
evaporation and solvent must be replaeed regularly.  

There is little reason for development time to be 
appreciably decreased when the stat ionary phase is 
spread over a glass plate (thin-layer chromatography) .  
When similar solvents and the same type of chamber 
are used for both paper  and thin-layer chromatogra- 
phy, the cross-fibers of the cellulose constitute only a 
small, variable additional resistance to solvent migra- 
t ion;  differences in development time are smM1. 

5. Staining and Photography. 

There are several useful and moderately specific 
color reactions that  can be used for the location of 
some lipids. The n inhydr in  reaction as described from 
this laboratory (6) is very  useful for  phospholipids 
with free amino groups (phosphatidyl  ethanolamine, 
phosphatidyl  serine, the corresponding lpsophospha- 
tides, and some unknown and uneharaeterized lipids 
encountered in tissues). The ammonium molybdate 
reagent as described by Levene and Chargaff (12 mid 
originally believed to be rather  specific for choline 
containing lipids, is of some value in confirming the 
presence of lecithin, sphingomyelin, or lysoleeithin on 
chromatograms, but  it is not entirely specific as ecru- 
pounds containing free amino groups give a light test. 
The Sehiff's reagent (p-rosanilin deeotorized with sul- 
furous acid has f requent ly  been recommended for the 

detection of aldehyde-containing lipids (the plasma- 
logen forms of phospholipids). As has been pointed 
out (6),  such reagents may be rather  unpredictable 
and nonspeeifie staining may take place so that  it is 
necessary to include standards of known plasmalogen 
forms and substances that do not contain aldehydes 
so that the degree of nonspeeifieity of the test can 
be determined. 

The most useful general reagent for location of 
lipids on paper  chromatograms is a 0.001~ solution 
of Rhodamine 6 G in 0.25 M dipotassium hydrogen 
phosphate (6). This is a sensitive general stain for  
all classes of lipids. I t  can be used successfully with 
hydrocarbons, polar nonionic lipids, phospholipids, 
sulfatides, and the water soluble gangliosides. There 
is no known lipid class that  does not stain with this 
dye solution under  appropriate  conditions. 

Staining with Rhodamine 6 G  is accomplished as 
follows: a small amount of dye solution is placed in 
a glass or porcelain t ray  and the paper ehromato- 
grams are immersed in the dye solution (usually 
face down) for at least 20 sec. Some substances stain 
better if left in the dye solution for several minutes 
while a few stain better if papers are removed af ter  
1-2 see. The papers are then removed, rinsed in dis- 
tilled water, and viewed wet under  ultraviolet light. 
Both long and short wave ultraviolet  sources are sat- 
isfaetory. Some lipids give bright yellow spots when 
the papers are viewed wet. Other lipids may give 
purple, orange-purple, yellowish-purple, or yellowish- 
orange spots. This color differential may be of value 
in distinguishing compounds, but the sensitivity of 
various colors is different and bright yellow spots 
against a purple  background are best for photog- 
raph5-. Silicie acid impregnated paper prepared as 
described above generally produees a paper giving 
a purple  baekground when stained. Generally the 
spots are brighter  if the chromatograms are stained 
just  af ter  they are removed from the chamber. With 
some systems a little residual organic solvent in the 
paper  may increase the brightness of the spots af ter  
staining. Papers  developed with solvents containing 
acids or pyridine should be heated for a few minutes 
as acid may prevent  staining and pyridine may give 
a very  dark purple  background. 

Purp le  and orange spots seen on wet chromato- 
grams may become yellow and yellow spots may in- 
erease in intensity when the papers are part ia l ly  
dried. Drying may be aeeomplished rapidly  in an 
oven, but  more uniform results may be obtained at 
room temperature.  In either ease the ehromatograms 
are examined at intervals unti l  the maximum color 
develops. Some compounds give exceptionally bright 
spots when the papers are completely dry. Occasion- 
ally the background may be somewhat yellow. This 
can be decreased or converted entirely to a purple  
background by immersing papers that  have been 
stained mad dried in 0.02% pyridine or 1 N potas- 
sium hydroxide solution. The latter solution great ly 
increases the eolor intensity with fa t ty  acids and some 
other lipids. These procedures require practice, but  
are simple and reproducible af ter  a few trials, All of 
these aids for producing intense spots should be tr ied 
and standardized iu each par t icular  laboratory with 
each technique for prepar ing paper. Variations may 
be encountered with different batches of unwashed 
filter paper. The lower limit of identification is or- 
dinari ly somewhat less than 1 ~g.  
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Photographic reproduction of paper  ehromatograms 
may be accomplished using an ordinary  camera, but  
this form of photography is inconvenient for routine 
work. We have adopted a simple, rapid procedure 
using the Polaroid Land camera (Model 110B), as 
suggested to us by Dr. Michael Sehotz. The camera 
is equipped with a photocopy lens and an orange 
filter and loaded with Type 42 or 4~ (200 or 400 
speed) film. The camera is mounted on a s tandard 
Polaroid Land camera copy maker and focused by 
viewing a ehromatogram or other suitable object 
through a plate provided for this purpose. Once the 
adjustment  on the photocopier is made, the camera 
may be removed and replaced without refocusing. 
We have replaced the lamps supplied with the photo- 
copier with two short-wave ultraviolet  lamps (Min- 
eralite Model SL 2537 obtainable f rom Ultra  Violet 
Products,  Inc., South Pasadena, Calif.) that  are held 
in place by laboratory clamps mounted on a ring 
stand. Two lamps are required for uni form illumi- 
nation. The camera is set at f 8 and exposure times 
of 2-50 sec. are required depending upon the color 
and intensi ty of the background and the spots. When 
the background is very  light, short exposure times are 
required. When the background is a deep purple, ex- 
posure times up to 50 see. may be necessary (with 
type 42 film). The usual 10-sec. development time for 
the pr in t  is satisfactory, although good results may 
be obtained if the pr in t  is allowed to develop for 
several minutes. The pr in t  is then removed from the 
camera and the picture examined. I f  the exposure 
has not been satisfactory another photograph may be 
taken immediately. Ordinary  visible light illumination 
may be used with the same equipment to photograph 
ehromatograms af ter  reaction with ninhydrin,  etc. 

6. Solvent Systems. 

Substances varying in polari ty f rom saturated hy- 
drocarbons to the water soluble lipids (gangliosides) 
may be examined using the chromatographic systems 
described in Table I. The photographs illustrate the 
paper  chromatographic migration of a var ie ty  of sub- 
stances in the various solvent systems and serve to 
define these systems. As the table and figures are 
more or less self explanatory,  emphasis will be placed 
on general relationships and the limitations of the 
various chromatographic systems. 

(a) Spot Size and Shape. The size and shape of a 
spot on the finished ehromatogram may not corre- 
spond to the size and shape applied to the paper. 
When too much material is applied as a round spot, 
the material  may streak or spread back due to over- 
loading. Streak-back may be caused by hydrolysis, 
oxidation, etc., and these causes must be distinguished 
f rom overloading by varying the load. 

A smaller spot than the one applied can be observed 
on the finished ehromatogram if lipid does not spread 
as far  as the solvent dur ing application as discussed 
above. A round spot, a bar-shaped spot, or a line 
all of greater  diameter than the initial diameter of 
the round spot at the origin may be obtained. This 
is due to the lateral spread of the substance dur ing 
the first rush of solvent over the origin. The mobile 
phase at  this time contains the maximum anmunt of 
the more polar component(s)  of the system and the 
lipid is pushed against the solvent f ront  and may 
spread out as a line or bar. During development the 
more polar component(s)  are lost to the s tat ionary 
phase and the bar or line may reform into a round 

spot of larger diameter than the spot applied, or it 
may remain as a bar or line when the amount of 
lipid is small. This behavior can be observed directly 
with colored substances. The same phenomenon can 
give rise in two dimensional chromatography to a 
round spot smaller than the area over which the sub- 
stance was applied at the origin. In  this case, a line 
or bar-shaped area produced in the first dimension 
is pushed into a small round spot in the second 
dimension. 

(b) No,do,tic Lipids. Systems 1-9 of Table I are 
used for paper  chromatography of substances varying 
in polari ty f rom hydrocarbons to monoglyeerides and 
eeramides. Generally speaking these systems frac- 
tionate lipids into classes on the basis of the type, 
number, and position of polar functional  groups with- 
out appreciable effects due to differences in unsatura- 
tion or length of the hydrocarbon chains. Maximum 
effects f rom differences in chain length and unsatnra- 
tion are observed for system I (hexane as solvent). 
Saturated hydrocarbons are readily separated from 
the unsaturated hydrocarbon squalene (see Fig. 1), 
f a t ty  aldehydes fraetionate (Fig. 26), and both sterol 
esters and waxes (esters of f a t ty  acids and fa t ty  
alcohols, Fig. 1) separate to a certain extent due to 
differences in chain length. Cholesterol palmitate and 
cholesterol acetate are completely separated as are 
methyl palmitate and myris tyl  palmitate. 

Migration is affected to a great extent by water in 
the paper  with system 1. With  very  d ry  papers squa- 
lene has an R~ value of about 0.5 and waxes and 
sterol esters migrate just  off the origin. Paper  con- 
taining more water  is usually more useful as all the 
classes migrate well off the o r i o n  (Fig. 1). 

Systems 2 and 3 give complete separations of sterol 
esters and waxes differing great ly in chain length, 
but  with more polar substances and with all other 
systems even these differences are not observed. 

Substi tut ion of halogen for hydrogen does not alter 
migration. This was established with a-brompalmitic 
acid and fl-cholesteryl chloride. 

Ring compounds and aliphatie compounds with the 
same polar functional  group(s)  such as cholesterol 
and long chain aliphatic alcohols are completely sep- 
crated with several solvents. Closely related ring com- 
pounds differing in side chain length or unsaturat ion 
are not separated in the same systems (cholesterol, 
ergosterol, and fi-sitosterol). The difference between 
some ring and aliphatie compounds is i l lustrated by 
separation of f a t t y  acid esters of long chain aliphatic 
alcohols f rom the corresponding sterol esters (cho- 
lesterol palmitate and myris tyl  palmitate) (Fig. 1). 

Different polar functional  groups increase polari ty 
to various extents. A carbonyl group increases polar- 
i ty  and f a t ty  aldehydes are readily separated from 
hydrocarbons with system I (see Figs. i and 26). 
Similar results are obtained when cholestane-3-one 
(Fig. 2) and keto acids are compared to the parent  
compounds without keto groups. An ester earbonyl 
gives added polari ty when compared to an ether link- 
age as i l lustrated by the migration of 1-monopalmitin 
and batyl alcohol (a 1-glyceryl ether, Figs. 11, 12). 
An ester group confers almost the same polari ty as 
the earbonyl group of an aldehyde. This is well 
i l lustrated by the migration of f a t ty  aldehydes, sterol 
esters, and waxes in system 1 (Figs. I and 26). 

The most pronounced effects are produced by dif- 
ferences in number and position of hydroxyl  groups. 
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Compounds with one hydroxyl group migrate in the 
body of the chromatogram in systems 2 to 5. These 
systems are useful for the separation of monohydroxy 
sterols, monohydroxy aliphatic alcohols, and diglyc- 
erides (Figs. 2-10). Systems 4 to 7 are useful for 
compounds with 2 hydroxyl groups (monoglycerides, 
~-glyceryl ethers, dihydroxy aliphatic alcohols, dihy- 
droxy sterols, etc., Figs. 7-12), and systems 8 and 9 
are used for compounds with 2 to 4 hydroxyl groups. 
Beef brain ceramide (fat ty acid amide of sphingo- 
sine) has 2 hydroxyl groups when a nonhydroxyl 
fat ty acid is linked to sphingosine (2 free hydroxyl 
groups) and 3 hydroxyl groups when an hydroxy 
fat ty  acid is linked to sphingosine. Similarly yeast 
cerebrin (also a eeramide) that differs from animal 
ceramide in that the yeast, phyto-type sphingosine 
contains 3 hydroxyl groups may have 3 or 4 hydroxyl 
groups depending upon whether a nonhydroxy or 
hydroxy fat ty  acid is linked to sphingosine. Com- 
pounds with 5 or more hydroxyl groups are run in 
systems for phospholipids. 

\Vhen determining" the number of hydroxyl groups 
in a molecule to predict migration, an isolated car- 
boxyl group can be counted as an hydroxyl group. 
Fa t ty  acids migrate with fat ty alcohols when the 
ehromatogram is developed with ether-hexane mix- 
tures (Figs. 5,6), while they are just separated with 
benzene as solvent (Fig. 3). Deoxyeholic and cholic 
acids migrate in systems 8 and 9 as substances with 
3 and 4 hydroxyl groups, respectively. I tydroxy acids 
show a somewhat different behavior. The 2-hydroxy 
acid is less polar than the 3-hydroxy, etc., so that posi- 
tion effects are strong and it is not until the carboxyl 
group is well separated from the hydroxyl group 
(isolated) that the maximum polarity is reached (Figs. 
7-9). The equivalence of the earboxyl group and the 
hydroxyl group can be considered as a position effect. 
Thus, while fat ty acids, aliphatic alcohols, and the 
methyl esters of 2-hydroxy fat ty acids migrate to the 
same position with ether-hexane mixtures as develop- 
ing solvents, the methyl esters of 3-, 4-, 5-, etc. hy- 
droxy acids where the carbonyl and hydroxyl groups 
are separated do not migrate as far and arc separated 
from monohydroxy alcohols, fa t ty  acids, and 2-hy- 
droxy fat ty  acid methyl esters. 

The position of the polar groups in compounds with 
two or more polar groups exerts a marked effect upon 
migration. A complete series of syaathetic hydroxy- 
palmitic acids (2-16) was available for examination, 
as well as the corresponding methyl esters and keto 
palmitic acids. These three series of compounds show 
clearly the effect of position. \Vhen the hydroxyl (or 
carbonyl) group is moved away from the carboxyl or 
ester group, the polarity of the molecule increases and 
migration of the substance is decreased (see Figs. 
7-9). The change is not uniform as indicated in the 
various photographs. Migration decreases steadily 
from 2 to the 6 position for the methyl esters of the 
hydroxypalmitic acids and then increases and de- 
creases again. The hydroxypalmitic acids migrate in 
a somewhat different manner from the corresponding 
methyl esters so that it is possible in most eases to 
place the position of the hydroxyl group precisely on 
the hydrocarbon chain by examining both the fatty 
acid and its methyl ester. Chain length and unsatu- 
ration do not influence migration of the hydroxy fatty 
acids or their methyl esters as shown by correspond- 
enee in migration of the 2-hydroxypalmitie, stearie, 
and hexaeosanoic acids, and rieinoleic, 12-hydroxy- 

stearic, and 12-hydroxypahnitic acids, as well as for 
10- and 12-hydroxystearie and palmitic acids. As 
chain length and unsatnration do not influence migra- 
tion of these lipid classes, the synthetic hydroxypal- 
mitic acids can be used as standards on chromato- 
grams in the study of hydroxy fatty acids from 
natural sources as described below (see Figs. 22-24 
in particular). 

Other illustrations of position effects are the sep- 
aration of 1- and 2-monoglycerides and the 1,2- and 
1,3-diglycerides (Fig. 3). The effect of methyl groups 
adjacent to hydroxyl groups is illustrated by the 
relative migration of cholesterol and lanosterol (Fig. 
2). Methyl groups on position 4 in lanosterol ap- 
pear to decrease the effeet of the hydroxyl group on 
position 3 and lanosterol and cholesterol are com- 
pletely separated. 

Certain special features of some of the Solvents 
should be pointed out. System 3 (5% ether in hex- 
ane) is very useful for the separation of several 
important biological substances (Figs. 4 to 6, 23, 25, 
27). The K vitamins, the toeopherols (vitamins E),  
coenzyme Q, and vitamins A and D~ are all separa- 
ble. A positive identification of each class can be 
made as both vitamin K1 and K2, a-, fi-, and 7-toeoph- 
erols, and the coenzyme Q's of different chain lengths 
migrate together or so close to each other that there 
is no reason for confusion. 

Benzene is of considerable value as a solvent (sys- 
tem 2) despite the fact that development time is 
somewhat longer than with ether-hexane mixtures. 
While fat ty acids and long chain monohydroxy ali- 
phatie alcohols migrate to the same position in the 
ether-hexane systems, they are separable using ben- 
zene as solvent. Development time with system 2 can 
be decreased by elevating temperature. This is pos- 
sible as there is no selective evaporation with a single 
solvent. Another feature of this single component 
system is that the chamber may be deoxygenated by 
passing pure nitrogen through the system prior to 
chromatography without altering solvent proportions. 
This can be accomplished when the chromatographic 
chamber is fitted with appropriate inlet and outlet 
holes. The ehromatogram is suspended by a small 
magnet from the top of the chamber, the chamber 
flushed with nitrogen, and the magnet outside the 
chamber removed to allow the chromatogram to drop 
into the developing solvent. Labile substances may be 
examined by this method. 

~Vhatman No. 3 MM paper impregnated by treat- 
ing with a 2 M sodium carbonate solution can be 
substituted for silicic acid paper and ehromatograms 
can be developed in about 20 rain. with 5% ether in 
hexane. Results are similar to those obtained with 
silieie acid paper (system 3), but the sensitivity is 
not as great with the carbonate paper. 

(e) Highly polar a.nd ionic lipids (eerebrosides, 
phospholipids, sulfatides, gangliosides). The highly 
polar cerebrosides and the ionic lipids require more 
polar solvents for chromatography. Figures 13 to 
21 illustrate the general chromatographic behavior 
of many of the compounds commonly encountered 
and show how small amounts of impurities can be 
detected. 

Cerebroside from beef brain gives two spots in some 
systems. With systems 14 and 15, two widely sep- 
arated spots are obtained (Figs. 13,14). This is clearly 
the separation of two different groups of eerebrosides, 
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the slower moving component containing hydroxy 
fa t ty  acids and the faster moving containing nonhy- 
droxy fa t ty  acids. 

A more complex situation is encountered with sul- 
fatides (the sulfate esters of cerebrosides). Sulfatides 
tend to separate into four spots and spots tend to be 
slightly diffuse. ~/gith systems 13 and 16 the spots 
arc well defined and separated when a very small 
amount of material is applied. Par t  of the separation 
is related to the presence of two groups of sulfatides, 
those containing hydroxy  fa t ty  aeids and those con- 
taining nonhydroxy fa t ty  acids (as with eerebrosides). 
This can account for two spots. Fur the r  separation 
can be accounted for by the presence of another group 
of sulfatides with an additional free hydroxyl  group 
on sphingosine or by a difference in the position of the 
free hydroxyl  group of sphingosine. As beef brain 
ceramide and yeast eerebrin (also a eeramide) show 
multiple spotting not accountable for by ionic differ- 
enees or total number of hydroxyl  groups, position 
effects are suggested. Position effects could be related 
to the presence of erythro and threo forms and their 
part ial  separation, or to the presence of the secondary 
hydroxyl  group of sphingosine on a carbon other than 
carbon three. Position effects from the hydroxyl  group 
of fa t ty  acids have been excluded as only 2-hydroxy 
fa t ty  acids are present (see description below and 
Figs. 22,24,29). Position effects related to the hy- 
droxyl groups of sphingosine are indicated by several 
findings. First,  the phenomenon is seen only with 
sphingosine and sphingolipids. Second, it is seen with 
both ionic and nonionic sphingolipids. Third, the 
effect with sulfatide is abolished with pyridine in the 
developing solvent (diisobutylketone/pyridine/water, 
55/45/5) .  Only one spot is obtained from sulfatide 
in this case as there is no separation of sulfatides with 
nonhydroxy and hydroxy fa t ty  acids. Evidently the 
weaker position effects related to hydroxyl  group 
placement should not influence migration in this case. 
The separation into more than two spots is not seen 
with cerebroside or sphingomyelin. The fact that  yeast 

cerebrin, a eeramide with three free hydroxyl  groups 
on the phytosphingosine portion of the molecule, 
gives more than four spots in system 8 suggests that  
epimeric substances may be involved. Sphingosine 
hydroehloride obtained by hydrolysis of beef brain 
eerebroside and sulfatide with hydrochloric acid sep- 
arates into four spots with system 16. I t  is thus pos- 
sible that different forms of the erythro and threo 
modifications are involved. 

System 15 gives the largest nmnber of individual 
spots with eonlplex lipid mixtures of the various sys- 
tems for polar lipids. Sterols, sterol esters, glycerides, 
fa t ty  acids, eeramides, and glyeeroldiacylphosphatidic 
acids migrate to the solvent front. These compounds 
migrate as a thin line and do not stain brightly be- 
cause the dye does not penetrate the compact area. 
Varying the proportions of the mixture, as with sys- 
tems 14 and 16, decreases or increases polari ty and 
migration. Some ceramides nfigrate back from the 
solvent front with system 14 and sulfatides and sphin- 
gosine migrate well away from the origin in system 
16. System 9 is useful for ceramides (part icularly 
yeast eerebrin). System 12 gives a different order of 
migration from system 15 and is useful for confirma- 
tion of the identifieations made with other systems. 
Systems 10 and 11 with either phosphate or carbonate 
paper give different orders of migration from systems 
12 to 16 and should be used for confirmation of identi- 
fications. Orders of migration arc different with phos- 
phate and carbonate papers as well. When all of the 
systems are used, a fairly reliable tentative identifi- 
cation can be made or a compound ean be shown to 
be different from known standards. 

System 13 is useful for sulfatides because the four 
spots are separated in a strongly acidic system. Pa- 
pers impregnated with dipotassium hydrogen phos- 
phate or sodium carbonate (systems 10 and 11) are 
of part icular value when complex lipid mixtures are 
to be examined for phosphatidyl ethanolamine, lyso- 
phosphatidyl ethanolamine, and aeidie lipids. Since 
neutral  lipids (sterols, sterol esters, and glyeerides) as 

Legend 

~FIG. I. System 1, moderately dry paper, spots 1-4, 20 ~g. 
each of (1) n-ciotrlacontane, (2) squalene, (3) myristyl palmi- 
tare, and (4) cholesterol palmitate. 

Fro. 2. System 2, spots 5-9, 20 t*g. each of (5) beef spleen 
triglyceride (isolated from a magnesium silicate column), (6) 
cholestane-3-one, (7) lanosterol, (8) cholesterol, and (9) dihy- 
drocholesterol. 

FIG. 3. System 2, spots 10-14, 20/~g. each of (10) beef spleen 
triglyceride, (11) palmityl alcohol, (12) cholesterol, (13) oleic 
acid, and (14:) a mixture of 1,2- an(] 1,3-diglycerides (separated 
into 2 spots). 

Fro. 4. System 3, spots 15-19, 10 ~g. each of (15) vitamin 
K2, (16) a-tocopherol, ancl (17) eoenzyme Q~o (gift from Dr. 
Karl Folkers), (18) 5 t~g. oleic acid, and (19) 20 t~g. cholesterol. 
Photographed at a time when oleie acid gave a purple-orange 
spot. (Compare with fatty acid spots, Figures 6 to 10). 

Fro. 5. System 3, spots 20-24, 10 ttg. each of (20) oleyl alco- 
hol, (21) stearyl alcohol, (22) myristyl alcohol, (23) 1-hydroxy- 
octatriaeontane, and (24) cholesterol. 

Fro. 6, System 3, spots 25-29, 20 ~g. each of (25) cholesterol 
palmitate and (26) beef spleen triglyceride, (27) 10 ttg. coen- 
zyme Q, (28) 5 ~g. oleic acid, and (29) 10 t*g. cholesterol. Pho- 
tographed at a stage where the light purple spot of fatty acid 
was barely visible. (Compare with fatty acid spots, Figures 4, 
7 te 10.) 

for Plate I 

FIG. 7. System 4, spots 30-34, 20 #g. each of synthetic 2-,3-, 
4-,5-, and 6-hydroxymethylpalmitates, respectively. Note the 
presence of a very small amount of the 3 isomer in the 4-hydroxy 
preparation, anrl very small amounts of the free fa t ty  acids in 
the 3- and 5-hydroxy preparations. Note in particular the com- 
plete separation of 2-hydroxymethylpalmitate (spot 30) from 
the other isomers and compare the migrations of the 2 to 6 
isomers with the 7 to 16 isomers in Figures 8 and 9. 

FIG. 8. System 4, spots 35-39, 20 t~g. each of synthetic 6-,7-, 
8-,9-, and 10-hydroxymethylpahnitates, respectively. (Compare 
with other isomers, Figures 7 and 9.) 

Fro. 9. System 4, spots 40-45, 20 t~g. each of synthetic 
11-,12-,13-,14-,15-, and 16-hydroxymethylpalmitates, respectively. 
Compare with other isomers (Figures 7 and 8). 

Fro, 10. System 4, spots 46 50. Same chromatogram shown 
in Figure 7 photographed when completely dry to illustrate the 
color change from yellow to purple when the wet chromatogram 
is r (Compare with fatty acid spots, Figures 4 ancl 6.) 

FIO. 11. System 6, spots 51-55, (51) 20 #g. of 1,5-hexadecan- 
dio], (52) 5 t*g. butyl alcohol, (53) 20 t*g. o2 1-monopalmltin, 
and 5 ttg. each of (54) 2-hydroxypalmitic acid, and (55) pal- 
mitic acid. 

Fro. 12. System 6, spots 56-60, 20 t~g. each of (56) beef 
spleen triglyceride, (57) cholesterol, (58) diglyceride, (59) 1- 
monopalmitin, and (60) batyl alcohol. 
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well as two of the major phospholipids, lecithin and 
sphingomye]in, migrate to the solvent front on phos- 
phate paper, the examination of a complex mixture 
for very small amounts of acidic lipids or phospha- 
tidyl ethanolamine is accomplished with ease and high 
sensitivity. These systems are useful also for the rec- 
ognition of free fatty acids in complex lipid mixtures. 
Nonhydroxy fat ty acids migrate just behind phos- 
phatidyl ethanolamine and hydroxy fat ty acids mi- 

grate just behind and overlap slightly on short runs 
with the nonhydroxy fat ty acids (Fig. 21). 

The relative migrations for the commonly encoun- 
tered highly polar lipids (eerebroside, sulfatide, gang- 
lioside, lecithin, sphingomyelin, phosphatidyl ethan- 
olamine, phosphatidyl serine, phosphatidyl inositol, 
lysophosphatidyl ethanolamine, lysoleeithin, glycerol- 
diaeylphosphatidic acid, and eardiolipin, Figs. 13 to 
21) are different enough so that any one of them can 
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b e  d i s t i n g u i s h e d  f r o m  t h e  o t h e r s  w h e n  e x a m i n e d  i n  
s e v e r a l  s y s t e m s .  I t  m a y  n o t  a l w a y s  be  pos s ib l e ,  how-  
eve r ,  to  d i s t i n g u i s h  e a c h  of  t h e s e  l i p i d s  i n  a c o m p l e x  
m i x t u r e .  T h i s  l i m i t a t i o n  a r i s e s  f r o m  t h e  f a c t  t h a t  
d i f f e r e n t  l i p i d s  m i g r a t e  to  o r  n e a r  t h e  s a m e  p o s i t i o n  
i n  d i f f e r e n t  s y s t e m s .  A l t h o u g h  o n e  d i m e n s i o n a l  p a p e r  
c h r o m a t o g r a p h y  a l o n e  i s  n o t  a l w a y s  s u i t a b l e  f o r  t h e  
r e c o g n i t i o n  of  a l l  of  t h e  c o n s t i t u e n t s  of  a c o m p l e x  
n l i x t u r e ,  i t  is  a p o w e r f u l  t oo l  w h e n  c o u p l e d  w i t h  
c o l u m n  c h r o m a t o g r a p h y .  C o l u m n  c h r o m a t o g r a p h y  o n  
s i l i e ie  a d d  o r  a n y  o t h e r  s i n g l e  a d s o r b e n t  is l i m i t e d  i n  
t h e  s a m e  w a y .  

( d )  Paper chromatographg in the stu.(lg of hgdroly- 
sis products of tipids: Products from whole beef brain 
lipid, cerebrosides, sulfatides, phosphatidyl ethanola- 
mine, a)~d phosphatidyl serine. P a p e r  c h r o m a t o g r a -  
p h y  c a n  be  u s e d  as  a s i m p l e  a n d  c o n c l u s i v e  m e t h o d  
f o r  t h e  s t u d y  of  h y d r o l y s i s  p r o d u c t s  of  c o m p l e x  l i p id s .  
T h e  f i n d i n g  t h a t  2 - h y d r o x y  f a t t y  a c i d s  a n d  t h e i r  
m e t h y l  e s t e r s  c a n  be  d i s t i n g u i s h e d  r e a d i l y  f r o m  t h e  
i s o m e r i c  c o m p o u n d s  w i t h  h y d r o x y l  g r o u p s  o n  o t h e r  
c a r b o n  a t o m s  m a d e  p o s s i b l e  t h e  e x a m i n a t i o n  of  a n i -  
m a l  b r a i n  c e r e b r o s i d e s  a n d  s u l f a t i d e s  f o r  i s o m e r i c  h y -  
d r o x y  f a t t y  ac ids .  T h e s e  t w o  l i p i d s  c o n t a i n  l a r g e  

Legend 

FIG. 13. System 15, spots 1-5. Dry (heat  activated) paper 
was used and spott ing was done with paper between glass plates 
to prevent rehydration. (1) Mixture of 30 ~g. of cholesterol, 
eeramide, eerebroside, lecithin, and sphingomyelin isolated from 
beef bra in  as the f ront  fract ion frmn a DEAE cellulose column 
(elated with chloroform/methanol,  7/1, v /v ) .  Spots 2-5, frac- 
tions obtained from the mixture shown in spot l a f te r  elution 
from a silieic acid-silicate-water column. (2) 30 ~g. of choles- 
terol tha t  stains l ightly as i t  moves as a small line at  the sol- 
vent front.  (3) 30 ~ leg. of eerebroside fraction. Upper white 
spot cerebroside with nonhydroxy fa t ty  acids, and lower white 
spot cerebroside with hydroxy fa t ty  acids. The dark spot jus t  
off the origin was formed from pyridine. Chloroform/methanol,  
4/1, containing 2.5% pyridine to solubilize cerebroside was used 
for spott ing in this ease only. (4) 30 t~g. lecithin fraction, and 
(5) 30 tog. sphingomyelin fract ion (both fract ions pure, as 
shown by this chromatogram).  Compare with Figure 16 show- 
ing migrat ion of the same fract ions in system 12. 

Fro. 14. System 15, spots 6-10. The paper  was not heat  acti- 
vated and spott ing was not carried out with paper under glass 
plates. On ~'moist  ~' paper all compounds migrate fa r ther  down 
the paper but  relative migrations are unchanged. (Compare with 
!~igure 13 on dry paper.) (6) 20 t~g. cerebroside (tiLe two cere- 
broside spots and the dark spot from pyridine as in Figure 13) ; 
(7) 20 t~g- beef bra in  phosphatidyl ethanolamine (isolated from 
a DEAE cellulose column) ; (8) 20 t~g. beef brain phosphatidyl 
serine (isolated by solvent par t i t ion and chromatography on 
magnesium silicate) ; (9) 20 ~g. lecithin isolated from soybean 
(the connnercial soybean phospholipid mixture, Asoleetin, in 
chloroform/methanol,  5/1, was treated with Norit  activated 
charcoal until  all other lipids were adsorbed) ;  (10) 20 ~g. 
beef hear t  sphingomyelin prepared by the alkaline degradation 
procedure of Rapport  and Lerner (J .  Biol. Chem., 232, 63, 
1958). Note the presence of a small amount of residual lecithin 
in the preparation.  

Fla. 15. System 12, with nmderately dry paper (heat  acti- 
vated but  not spotted between plates) .  Spots 11-15, 20 ~g. 
each of (11) phospbatidyl ethanolamine, (12) lecithin, (13) 
sphingomyelin containing a small amount of lecithin, (14:) lyso- 
lecithin, and (15) phosphatidyl serine. Lysolecithin was pro- 
duced from soybean lecithin by snake venom degradation ill 
ether (7).  The lower lysoleeithin phase ~,as washed with ether 
to remove free f a t ty  acids, dried, and passed through a DEAE 
cellulose column to free i t  of traces of enzyme. The other 
preparat ions were the same as for  Fig. 14:. The small spot ahead 
of the major  spot in  the phosphatidyl serine preparat ion is the 
plasmalogen form (strongly positive to the Sehiff 's  reagent)  
just  separated from the large amount of diester form. 

Fro. 16. System 1~, spots 16-20 same as spots 1-5 of Figure 
13. Dry paper (heat  activated and spotted between glass 
plates) .  Note tha t  cholesterol migrates  to the solvent front  and 
cerebroside gives one spot just  behind the solvent f ront  (both 
compounds usually stain l ightly af ter  development in this 
system). 

Ym. 17. System 12, spots 21-25. NIoderately dry paper (heat  
activated but  not spotted between plates) showing increased 
migrat ion of all compounds, compared to Figure 16 with dry 
paper. (~ 30 /tg. egg yolk "lecithin • fraction prepared by 
ethanol precipitation and alumina chromatography. From above 
down, phosphatidy] ethanolamine, lecithin, lysophosphatidyl 
ethanolamine, and lysolecithin followed by two slower moving 
uncharacterized components, (22) 30 t~g. sphingumyelin prep- 
arat ion as in Figure 14. (Note the presence of residual lecithin.) 

for Plate I I  

(23) 30 tLg. of soybean lecithin preparat ion as in Figure 14. 
(24) 30 tLg. of lysolecithin as ill Figure 15. (25) 30 t~g. of a 
glyceroldiacylphosphatidic acid preparation contaminated with 
neutral  lipid (migrat ing to the solvent f ront ) .  Note tha t  phos- 
phatidie acid migrates with phosphatidyl ethanolamine. 

Fro. 18. System 12. To il lustrate the method of testing the 
acidity of silieie acid impregnated paper (see text for discus- 
sion) and results with complex lipid mixtures. The paper in 
this ease was moist (not heat  activated) and " n e u t r a l "  as 
judged by the relative migrat ion of hydroxy fa t ty  acids with 
sphingomyelin and nonhydroxy fa t ty  acids between phospha- 
tidyl ethanolamine and lecithin. On more acidic paper fa t ty  
acids migrate with or ahead of phosphatidyl ethanolamine de- 
pending upon the degree of acidity. (26) 20 t~g. of 2-hydroxy- 
palmitic acid; (27) and (28) 40 and 20 /xg., respectively, of 
palmitie acid; (29) 80 ~g. of total  beef brain lipid. The indi- 
vidual components are, from above down, cholesterol plus 
eerebroside, phosphatidyl ethanolamine, lecithin (eerebroside 
sulfate overlaps with lecithin),  sphingomyelin, phosphatidyI 
serine, inositol phosphatide, and ganglioside at  the origin. (30) 
80 t~g. of conmlereial soybean phospholipid mixture. The spots, 
front above down, are phosphatidyl ethanolamine, lecithin, un- 
known material  migrat ing in the positimt of sphingomyelin, 
phosphatidyl inositol, and uncharacterized material  at  the ori- 
gin. Note tha t  soybean lecithin migrates slightly ahead of beef 
brain lecithin. Soybean lecithin also migrates slightly ahead of 
egg yolk lecithin (Figure 17). The soybean lecithin contains 
primarily unsaturated fa t ty  acids in both tile 1 and 2 positions, 
while the brain  and egg yolk lecithins contain unsaturated fa t ty  
acids primarily ill the 2 position. 

Fro. 19. System 12. The ehromatogram was stained and 
partial ly dried before i t  was photographed. Spots 31-33 from 
60, 4~0, and 20 ~g., respectively, of a commercial synthetic prep- 
aration of dimyristyl lecithin. TILe major  component is leci- 
thin, but  impurities are evident. Spots (34) and (35) f rom 100 
a~td 50 ~g., respectively, of total  lipid from beef hear t  mito- 
chondria (prepared by Dr. Sidney Fleiseher, Enzyme Insti tute,  
~Iadison, Wisconsin). Individual components, from above down, 
are phosphatidyl ethanolamine, eardiolipin, lecithin, and barely 
detectable spots in the sphingomyelin and inositol phosphatide 
areas of the ehromatogram. Spot 36 is from 80 /zg. of total  
beef bra in  lipid. Indi~ddual components as in Figure 18. Note 
tha t  mitoehondrial  and brain leeithins migrate  to the same 
position, but  tha t  the synthetic lecithin (only sa turated fa t ty  
acids) does not migrate  quite as f a r  as the unsaturated leei- 
thins. See also Figure 18 where soybean lecithin is seen to 
migrate ahead of beef bra in  lecithin. 

Fro. 20. System 10 with 3 MM paper impregnated with 1 M 
sodium carbonate solution. Spots 37-41 from 20 ~g. each of 
(37) lecithin, (38) sphingomyelin, (39) lysolecithin, (40) phos- 
phatidyl ethanolamine, and (41.) phosphatidy[ serine, and (42) 
total  beef brain lipid. Samples prepared from sources and by 
methods indicated for Figure 15. Compare with Figure 21 and 
note the l ight  streak back of phosphatidyl ethanolamine (spot 
40) indicating autoxidation products. 

Fro. 21. System 10 with 3 MM paper impregnated with 0.5 
3'I dipotassium hydrogen phosphate. Chromatogram stained, 
dried, dipped in 1 N potassium hydroxide and dried again to 
show dark spots and color differences. Spots 43-48, 30 ug. each 
of (4:3) lecithin, (4:4) lysolecithin, (4:5) phosphatidyl ethanola- 
mine, (46) palmitie acid, (47) 2-hydroxypalmitic acid, and 
(48) phosphatidyl serine. (Compare with Figure 20.) 
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.51 5 2 ~ 3  54 55 

47. 43 44 45 46 47 415 49 
PLATE III 

(All ehromatograms reduced to approximately 1~ actual size) 
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amounts of hydroxy  fa t ty  acids and only 2-hydroxy 
fa t ty  acids have been isolated, although other isomers 
have not been excluded. 

For  the s tudy of possible position isomers of hy- 
droxy fa t ty  acids, beef brain eerebroside was isolated 
in quantitat ive yield by elution from magnesium 
silicate and diethylaminoethyl cellulose (as described 
in an accompanying report)  and a nfixture of cere- 
broside and sulfatide was isolated from magnesium 
silicate f rom both mouse and rabbit  brains. The prep- 

arations were free of other lipids (demonstrated by 
paper chromatography and confirmed by infrared 
spectroscopy) and were representative of the lipids as 
they occur in brain as quanti tat ive recovery was ob- 
tained. Twenty  rag. of each of the preparations was 
hydrolyzed in 3 nil. of :3 N hydrochloric acid in a 
sealed tube at 100~ for 1.5 hrs. These conditions 
degrade cerebroside and sulfatide completely to re- 
lease all f a t ty  acid and sphingosine. The contents of 
the tubes were extracted into n-hexane, the solutions 

Legend for Plate III 

FIG. 22. System 5, spots 1-6. Fa t ty  acids (hexane soluble 
material) from acid hydrolysates of brain eerebroside and 
eerebroside plus sulfatide (see text for details) to show pres- 
ence of 2-hydroxy fa t ty  acids only (no isomers). (1) 30 t~g. 
lipid from mouse brain cerebroside plus sulfatide. The fast  
moving component in each case is fa t ty  acid, the middle spot 
2-hydroxy fa t ty  acids, and the material at the origill is sphingo- 
sine hydroehloride. (4) 20 /~g. pMmitie acid, (4) 20 t~g. 2-hy- 
droxypalmitie acid, and (6) 20 /~g. 6-hydroxypalmitie acid. 
(Compare wRh Figures 7, 8, and 9 where relative migrations 
of methylhydroxypahnitate isomers are shown.) 

Fro. 23. System 3. t texane soluble lipid from acid hydroly- 
sate of total beef brain lipid (see text for details). Spots 7 10 
eorrespo~td to 400, 200, 100, and 50 /~g. respectively, of lipid 
hydrolysate. Individual components from above down, in each 
case, are fa t ty  aldehydes, fa t ty  acids, cholesterol, 2-hydroxy 
fa t ty  adds,  and sphingosine hydrochloride, (11) a mixture of 
20 ~g. each of, from above dog, m, cholesterol pahnitate, beef 
spleen triglyeeride, oleie acid, and cholesterol. 

Fro. 24. System 6. The chromatogrum was stained, dried, 
dipped in 1 N potassium hydroxide and photographed while 
wet. tIexane soluble lipid front 48-hr. acid hydrolysate of 
total beef brain lipid (see text for details) to show absence 
of butyl alcohol or related a-glyeeryl ethers in the hydrolysate. 
Spots 12-14 front 400, 200, and 100 /xg., respectively, of lipid. 
From above down, in each case the components are fa t ty  alde- 
hydes plus fa t ty  acids, 2-hydroxy fa t ty  acids, and sphingosine 
hydroehloride at the origin. (15) 20 ~g. palmitic acid and (16) 
20 ~g. batyl alcohol. Note the complete absence of material in 
the butyl alcohol region demonstrating the absence of ether 
linkages in glycerophosphatides of beef brain. 

FI~. 24. System 3. Chrmnatogram stained, dried, dipped in 1 
N potassium hydroxide and photographed wet. Hexane soluble 
lipid from 1 hr. acid hydrolysate of beet? brain phosphatidyl 
serine (see text for details). Spots 17-19 correspond to 120, 60, 
and 30 ~g., respeetibely, of beef brain phosphatidyl serine. (20) 
20 ~g. pulmitic acid, and (21) 20 ~g. butyl alcohol. The 
major spot ilt the hydrolysates is from fa t ty  acids. The small 
amount of material at the origin is from u partial hydrolysis 
product (probably a ]ysophosphatidic acid) that  disappears 
when the hydrolysis time is increased to 3 hrs. Note absence 
of a fa t ty  aldehyde spot (u trace could be seen at the solvent 
front  but faded before photography), tIydroxy fa t ty  acids 
and a-glyceryl ethers are absent from the hydrolysate. Note the 
high capacity of system 3 for fa t ty  acids. The spots enlarged 
in the horizontal direction during development (see text for 
full discussion of factors affecting spot size and shape). 

FI~. 26. System 1. Chronmtogram-stained and partially dried 
before photography. Hexane soluble lipid from 1-hr. acid hy- 
drolysate of total beef brain lipid (see text for details). Spots 
22-25 correspond to 400, 200, 100, and 50 #g., respectively, 
of lipid. The small light staining spots are fa t ty  aldehydes 
(ScMff's positive). The other material at the origin and just  
off the origin is mainly fa t ty  aeld. (26) Control mixture of 
20 ~g. each of (from above down) cholesterol palmitate, beef 
spleen triglyeeride, and cholesterol (the latter two substances 
did not migrate from the origin). 

Fro. 27. System 3. Chromatogram stained and partially dried 
before photography. I{exane soluble lipid from 1-hr. hydroly  
sate of beef brain phosphatidyl ethanolamlne (see text for 
details). Spots 27-30 correspond to 100, 200, 100, and 50 ~g., 
respectively, of lipid. From above down, components are fat ty 
Mdehydes, fa t ty  acids, and a small amount of a partial by- 

drolysis product (probably a lysophosphatidie acid) this dis- 
appears after hydrolysis for 3 hrs. (31) A control mixture of 
20 vg. each of (from above down) cholesterol palmitate, beef 
spleen trigl~ceride, oleic acid, and cholesterol. 

Fla. 28. System 6. I-Iexane soluble lipid from 3-hr. acid 
hydrolysate of beef brain phosphatidyl ethallolamine (see text 
for details). Spots 32-34 correspond to 200, 100, and 50 #g., 
respectively, of lipid. The single spot in each ease is from a 
mixture of fat ty aldehydes and fat ty  acids. (35) 20 tLg. 
pahnitic acid, an([ (36) 20 ug. batyl alcohol. Note absence 
of material at the origin demonstrating the absence of partial 
hydrolysis products, and the absence of material in the batyl 
alcohol region that demonstrates the absence of glyeeryl ethers 
and hence of ether linkages in beef brain phosphatldyl ethan- 
olamine. 

Fro. 29. System 6. Hexane soluble lipid from 48-hr. acid 
hydrolysates of total beef brain lipid and beef brain phospha- 
tidyl ethanolamine to show the absence of partial hydrolysis 
products and a-glyeeryl ethers in the hydrolysates. Spots (37) 
and (39) are from 400 and 200 /~g., respectively, of total brain 
lipid hydrolysates, and spots (38) and (40) from 400 and 200 
#g., respectively, of phosphatidyl ethanolamine hydrolysate. 
Spots from above down are fa t ty  acid plus fa t ty  aldehydyes, 
nndhydroxy fat ty  acids. (41) 20 ~g. bats] alcohol). 

Fro. 30. System 12. Chromatogram stained, dried, dipped in 
1N potassium hydroxide and photographed wet. Kexane sol- 
uble lipid from 1-hr. acid hydrolysate of beef brain' phospha- 
tidyl ethauolamine to show the presence of small amounts of 
highly polar partial hydrolysis products (contrast with Figure 
31). Spots 42-44 correspond to 80, 40, and 20 #g., respectively, 
of lipid from the plmsphatids1 ethanolamine hydrolysatc. From 
above down, the components are fa t ty  aldehydes, fa t ty  acids, 
and three different partial hydrolysis products. The bright 
spot just  off the origin is thought to be a lysophosphatidie acid. 
(45) 80 ug. total beef brain lipid (see Figure 18 for list of 
individual components). Compare with Figure 31 where partial 
hydrolysis products are shown to be absent after 3 hours. 

Fro. 31. System 12, spots 46-49. The same as spots 42-45 
of Figure 30 but from a 3-hr hydrolysate of phosphatidyl 
ethanolamine. No partial hydrolysis products are visible. This, 
plus the absence of a-glyeeryl ethers in such hydrolysates 
(Figure 28), demonstrates the absence of ether linkages in 
beef brain phosphatidyl ethanolamine. 

Fro. 32. System 12. Dry (heat activated) paper and spotted 
with paper between glass plates. Chromatogram stained and 
partially dried before photography. Total lipids extracted from 
blood of normal adult and child with Niemann-Pick disease 
(see text for discussion). Spots 50 and 51, 100 /~g. t.otal lipid 
from whole blood of patient and normal control, respectively; 
spots 52 and 53, 100 ~g. of total lipid front blood plasma of 
patient and normal; spots 54 and 55, 100 ~g. total lipid from 
erythroeytes of patient and normal. Individual components 
are, from above down, a mixture of neutral lipids (at solvent 
f ront  and including sterols, sterol esters, free fa t ty  acids, 
glyeerides), phosphatidyl ethanolamine (visible in erythrocyte 
samples), lecithin, sphingomyelin, and lysoleeithin (seen pri- 
marily in whole blood and plasma). All samples from the 
patient show a decrease in sphingomyelin compared to the con- 
trol. This is illustrated clearly with plasma ]ipids where the 
patient, level (spot 52) is about 50% of the control level (spot 
53). Lecithin in all samples from the patient appears to be 
elevated. 
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evaporated to dryness, lipid dissolved in chloroform, 
the solutions spotted on acid silieie acid paper, and 
ehromatograms developed with solvent 5 (with which 
the various isomeric hydroxy fat ty acids can be dis- 
tinguished). As shown in Fig. 12, only 2-hydroxy 
fat ty acids were obtained from the three sphingolipid 
preparations. The absence of other isomers is clear 
and the sensitivity of the method is great. The pres- 
ence of fa t ty  aldehydes, fat ty acids, and 2-hydroxy 
fatty acids only in crude beef brain lipid hydrolyzed 
in sealed tubes in 2 N hydrochloric acid for 1 hr, and 
for 48 hrs. was clearly demonstrated by chromatog- 
raphy with systems 4 and 6, as shown in Figs. 23, 24, 
and 29. 

Paper chromatography is of great value in the 
study of hydrolysis products of the glycerophospha- 
tides. This is illustrated by the ease with which beef 
brain phosphatidyl ethanolanfine and phosphatidyl 
scrine hydrolysates can be examined for the presence 
of fa t ty  aldehydes, fat ty acids, and a-glyceryl ethers. 
The findings with phosphatidyl cthanolamine will be 
described to illustrate the method of exanfination. 
Pure phosphatidyl ethanolamine was isolated from 
beef brain by elution from DEAE cellulose in the 
acetate form with 30% methanol in chloroform as 
described in an accompanying report. The lipid was 
isolated in quantitative yield, and paper chromatog- 
raphy and infrared spectroscopy were used to demon- 
strate the absence of other lipids. The preparation 
had very low molar extinction coefficients at 235 and 
275 m~ (317 and 165, respectively), indicative of the 
absence of autoxidation (6). Twenty rag. of lipid was 
hydrolyzed in 3 ml. of 2 N HC1 in sealed tubes for 
1, 3, and 6 hrs. at 100~ and for 24 and 48 hrs. at 
110~ the lipid was washed from the tubes with 
n-hexane, the hexane was removed by evaporation 
under nitrogen, the lipid was dissolved in chloroform, 
spotted on acid silicie acid paper, and examined in 
systems 1, 3, 6, 12, and 15. The lipid was white after 
1 hr., showed a trace of color at 3 and 6 hrs., and 
finally became light yellow in color with a small 
amount of black sediment at 24 and 48 hrs. System 
1 demonstrated the presence of several fa t ty  alde- 
hydes in the hydrolysate. System 3 showed fatty 
aldehydes at the solvent front, fat ty acids in the 
middle of the ehromatogram, and material at the 
origin that did not migrate (Fig. 27). System 6 
showed the complete absence of any lipid in the batyl 
alcohol region in all hydrolysates (Figs. 24,28,29). 
The presence of a lysophosphatidie acid-like substance 
in the 1 hr. hydrolysate was demonstrated with sys- 
tems 12 (Fig. 30) and 15. This substance was not 
found after 3 hrs. (Fig. 31). 

When complete hydrolysis of phosphatidyl ethan- 
olamine to fa t ty  acids and fat ty aldehydes was dem- 
onstrated at 3 hrs. (no partial hydrolysis products 
were observed), there was not trace of a-glyeeryl 
ether in the hydrolysates (Figs. 28,29). Control hy- 
drolystates with batyl alcohol and methyl linolenate 
under the various conditions used for the lipid sam- 
ples demonstrated the stability of both batyl alcohol 
and fat ty acid to the hydrolysis conditions. The find- 
ings may be taken as relatively clear demonstration 
of the absence of ether linkages in beef brain phos- 
phatidyl ethanolamine. Beef brain phosphatidyl ser- 
ine and total beef brain lipid were hydrolyzed and 
examined in the same way. No a-gIyceryl ether was 
found in either of the preparations (Figs. 24 and 29 
illustrate the findings with total brain lipid). After 

only I hr. at 100~ (2 N HC1), phosphatidyl serine 
was almost completely degraded to free fat ty acid 
(Fig. 25) with only a trace of a partial hydrolysis 
product, and a small amount of fat ty aldehyde. 
Complete hydrolysis of phosphatidyl serine is ob- 
tained after 3 hrs. under the same conditions. 

(e) Paper Chromatograph as a Survey Method. 
Paper chromatography is widely used as a means for 
determining the nature and number of constituents 
in column chromatographic fractions. This use has 
been illustrated before (6,7). The method is valuable 
also as a survey technique prior to more extensive 
column chromatographic studies. 

Fig. 32 illustrates the use of paper chromatog- 
raphy in a prelinfinary survey of erythrocyte lipids 
of patients with lipid storage diseases. Patients with 
inherited metabolic diseases may be expected to show 
within the erythroeytes, at least in some cases, the 
accumulation of the lipid stored in other tissues. As 
the erythroeyte can be sampled readily during life 
at frequent intervals, it was of particular interest to 
examine cells from various patients in order to deter- 
mine whether or not column chromatographic frae- 
tionations would be profitable. 

I t  was readily determined that the erythroeytes 
contained ganglioside by paper chromatography with 
system 17 followed by staining with Rhodamine 6 G. 
The ganglioside spot on paper ehromatograms was 
distinctly larger in erythroeyte samples from patients 
with Tay-Sachs disease, but was of normal intensity in 
patients with Nienmnn-Piek disease, Gaucher's dis- 
ease, and an uneharaeterized type of demyelinating 
disorder. These findings are in keeping with the gen- 
eral conclusion that gangliosides accumulate (par- 
tieularly in brain) in Tay-Saehs disease. 

The phospholipid composition of the plasma and 
red cells in both Niemann-Piek and Tay-Saehs dis- 
ease appeared to be different from the control sam- 
ples. In both cases sphingomyelin was decreased (Fig. 
32). It  was surprising that sphingomyelin should be 
decreased in the erythroeytes of patients with Nie- 
mann-Pick disease as this substance has been described 
as the major lipid aceunmlated in other organs of the 
body. It is thus a distinct possibility that erythroeytes 
express the inherited metabolic disorder in a different 
manner. 

Such provocative survey studies by paper chroma- 
tography are of limited value until the tentative 
identifications and semiquantitative estimations made 
by comparisons with graded amounts of authentic 
compounds are confirmed by careful quantitative iso- 
lations by column chromatography with proof of the 
puri ty and structure of the lipids by other methods. 
Such data are useful however as they indicate the 
methods that should be employed for the column chro- 
matographic fraetionation of the particular lipid mix- 
tures and the compounds of special interest. The lipid 
distribution of erythroeytes from normaI children and 
children with Tay-Sachs, Niemann-Pick, and Gau- 
eher's disease at different ages can be studied rapidly 
by paper chromatography. When the reproducibility 
of lipid composition and major variables have been 
explored by paper chromatography, quantitative iso- 
lation of each of the lipid classes and analysis of the 
fat ty acid composition of each lipid class can be un- 
dertaken by column chromatography with a great deal 
more assurance that the results are representative. 
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Pitfalls in Paper Chromatography 

There are many ways in which erroneous conclu- 
sions can be drawn frmn paper chromatograms. The 
two spots from substances such as cerebrosides must 
not be confused with other lipids. Conversely, it 
must not be concluded that a single spot on a chro- 
matogram is always produced from a single substance. 
Examples of different classes of lipids that migrate 
together are given above. One dimensional paper 
chromatography with a single solvent system is of 
very limited value and, even when several different 
systems are used, completely reliable identifications 
cannot be made. Paper chromatographic results must 
be confirmed by isolation, infrared examination, hy- 
drolysis, etc. 

Improper use of color tests for location of lipid 
spots can give rise to confusion. Even major lipid 
components can be missed if staining is not carried 
out under suitable conditions, particularly when a 
complex lipid is examined for the first time. 

A common source of difficulty is autoxidation. More 
than one spot or streaking may be observed when 
readily oxidizable substances, such as phosphatidyl 
ethanolamine, are examined. Proper precautions nmst 
be taken to prevent autoxidation. The results with au- 
toxidized phosphatidyl ethanolamine and phosphatidyl 
serine have been described in some detail (6). Other 
lipids including lecithin, if allowed to stand under 
unfavorable conditions for a long time, may show 
streaking and/or extra spots from autoxidation. The 
oxidation artifacts usually take the form of streaks 
backward from the major spot with a definite tend- 
ency to form relatively discrete spots in some cases. 
The more discrete spots indicate that some of the 
oxidation products are moderately stable. Some oxi- 
dation products fail to migrate from the origin. 

Material remaining at the origin on silicie acid inl- 
pregnated paper should not always be judged to be 
the result of autoxidation. Column chromatographic 
data indicates that small anmunts of divalent ions 
present in silieie acid may cause retention of phos- 
pholipids, particularly lecithin and sphingomyelin. 
The influence of divalent ions in silieie acid impreg- 

n a t e d  paper is further indicated by the appearance 
of light streaks back from the major spot (observed 
particularly with lecithin and sphingomyelin). 

Another important point to be appreciated when 
judging purity, particularly of phospholipids, is the 
fact that appreciable amounts of extraneous mate- 
rials that do not stain at all or stain lightly may be 
present. We have encountered several substances of 
this type. Inorganic substances will not stain and 
gangliosides (water soluble ]ipids) give a light purple 
color with Rhodamine 6 G on phosphate paper and 
can be missed in low concentrations. Gangliosides 
can be detected however in small amounts after chro- 
matography in system 17. In this case, ganglioside 
stains readily with Rhodamine 6 G to give bright yel- 
low spots against a purple background (water soluble 
nonlipids do not stain and do not interfere with the 
detection of ganglioside). Inorganic substances can 
be detected and identified by infrared spectroscopy. 

Several other artifacts may be introduced by the 
use of a strongly acidic silieie acid paper or by the 
use of strongly acidic solvents for paper chromatog- 
raphy. The application of the labile plasmalogen 
forms of the phospholipids (particularly of phospha- 

tidyl ethanolalnine) to acidic silieie acid paper may 
result in an appreciable hydrolysis of the a,fl-unsatu- 
rated ether bond in the plasmalogen to give a lyso- 
phosphatide. This behavior is particularly pronounced 
with pure phosphatidyl ethanolamine. When a lipid 
mixture appears to contain lysophosphatides, hydroly- 
sis during application to the paper must be excluded. 
Some oxidation products of phosphatidyl ethanola- 
mine migrate on paper ehromatograms like lysophos- 
phatidyl ethanolamine and this again can give rise to 
the erroneous conclusion that lysophosphatide is ~pres- 
ent in a mixture. 

Acid hydrolysis and autoxidation can give rise to 
erroneous interpretations when two-dimensional paper 
chromatography is used. Labile lipids can be applied 
to neutral silicic acid paper without hydrolysis and 
chromatograms can be developed with mixtures con- 
taining acetic acid without hydrolysis of plasmalogens 
during chromatography. The absence of streaking, 
trailback, or decrease of spot size and intensity on 
long runs proves that no appreciable hydrolysis has 
taken place during chromatography. When the fin- 
ished paper chromatogram is dried in air, the more 
volatile components of solvent mixtures (as in systems 
14 to 16) leave the paper. Acetic acid and water re- 
main and some hydrolysis can take place in aqueous 
aeetic acid during drying. Furthermore, some oxida- 
tion is inevitable during air drying, particularly with 
phosphatidyl ethanolamine. Two-dimensional chroma- 
tography with the same solvent in both directions 
may disclose more than one spot from phosphatidyl 
ethanolamine in the second dimension from hydroly- 
sis and/or  oxidation. The development of a paper 
chromatogram in two directions with the same solvent 
is a good test of the stability of compounds during 
drying of the paper ehromatogram. The additional 
spots seen on such ehromatograms must not be inter- 
preted as new substances. 
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