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M 
ODERN ADSORPTION C H R O M A T O G R A P t I Y  o f  lipids 
began with Trappe's studies (1938 to 1941) 
of adsorbents and the "eluotropic series" (1) 

and with his early adsorption column methods for 
serum lipids (2, 3, 4). The first instance of quantita- 
tive elution of serum phospholipids was provided by 
BorgstrSm's silicie acid column separations in 1952 
(5) of neutral lipids and fat ty acids from phospho- 
]ipids. In 1952 Borgstr5m also described the silieic 
acid column separation of eholesteryl palmitate from 
triglyeerides and fat ty acids (6). The elegant step- 
wise elution of serum lipids from silieic acid columns 
by Fillerup and Mead in 1953 (7) separated the 
major lipid classes: eholesteryl esters, triglyeerides, 
cholesterol, fat ty acids, and phospholipids. Then, 
with BorgstrSm's report in 1954 (8) of the silieie acid 
column separation of tri-, di-, and monoglycerides, all 
of the information was at hand for for the column 
chromatography of the principal classes of neutral 
lipids of serum. 

The advantages of adsorption chromatography were 
superimposed upon the conveniences of paper chroma- 
tography by Kirchner and Keller (9) in 1950, when 
they impregnated cellulose papers with silieie acid 
and used these papers for separating the dinitro- 
phenylhydrazones of a series of methyl ketones. The 
ehromatostrip, a thin layer of silieie acid on a glass 
plate, which enjoyed the added features of resistance 
to corrosive reagents and to high temperature, was 
introduced by Kirehner, Miller and Keller (10) in 
1951 for chromatography of essential oils. The ehro- 
matostrip foreshadowed two important chromato- 
graphic media, the thin layer developed by Stahl (11) 
and the silieic acid impregnated glass fiber papers of 
Dieekert and Reiser (12). Strain (13) employed glass 
paper for separating earotenoids in 1953. A silieie 
acid impregnated cellulose paper was used by Lea 
and Rhodes (14) in 1954 for the separation of phos- 
phatides. Simultaneously Dieckert and Reiser used 
silicic acid impregnated glass paper for the separation 
of neutral lipids (12, 15) ). The glass paper technique 
was developed as a rapid and sensitive assay for the 
]ipids in fractions eluted from silicic acid columns. 
In 1956 phosphatides were separated on silieic acid 
impregnated glass paper by Dieekert and Reiser (16) 
and on silieic acid impregnated cellulose paper by 
Witter, Marinetti, and Stotz (17). 

Glass paper chromatography of the various lipids 
begins with the selection of the glass paper and the 
type of impregnation. After the glass papers have 
been given the appropriate treatment, suitable 
volumes of the respective lipid solutions are applied 
to marked spots. After the spotting solvent has evapo- 
rated the papers are suspended with the lower edge 
in the appropriate developing solvent. The chroma- 
tography is usually complete in approximately 5 to 
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20 rain. After the developing solvent is removed the 
lipids are located by counting, by radioautography, 
by selective staining with group-specific reagents such 
as ninhydrin, or by the very sensitive and non-specific 
technique of charring the lipids with sulfuric acid and 
heat. Quantitative assay of the lipids may be aeeom- 
plished by photometry of the charred residues on the 
glass papers. 

Impregnated Glass Fiber Papers. There are a num- 
ber of glass fiber papers available for possible use for 
chromatography. The present authors' experienee has 
been limited to a paper manufactured by the Hurlbut 
Paper Co. (934-AH), Whatman glass papers (GFA, 
GFB, and GFC) all marketed by H. Reeve Angel, and 
to a paper manufactured by the Gelman Instrument 
Co., Chelsea, Mich. Although all of the papers, after 
impregnation, could be used for ehromatographie sew 
arations, our preferenee is the Hurlbut paper. The 
Whatman papers required a longer time for devel- 
oping in a solvent and were more expensive than 
934-AH. The Gelman paper was too coarse and non- 
uniform to be generally useful, l~eeently an experi- 
mental glass paper, Hurlbut 934-1~A, which is more 
uniform than 934-AH, has been made available to us 
for evaluation by Mr. Marshall Peterson of H. Reeve 
Angel. The desirability of a photometrically uniform 
glass paper will be pointed out in the section on quart- 
titative technique. 

Two different impregnations of glass paper with 
silieie acid have been reported by Dieckert and Reiser 
(15) and Dieekert, Carney, Ory and Morris (18). 
Potassium silicate paper was first prepared by 
Dieekert, Morris, and Mason (19) from silicie acid 
and potassium hydroxide. A similar paper was pre- 
pared by Muldrey et al. (20) from Mallinekrodt's 
sodium silicate. A potassium silicate, approximately 
30% W/V, whieh is superior in uniformity and sta- 
bility, is available from the Eleetroehemieals Dept., 
E. I. DuPont Co., Wilmington, Del. (Potassium Sill- 
cate, Electronics 200)2 

The glass paper is dipped in potassium silicate of 
the proper concentration, the excess is drained off by 
passing a clean glass rod across both surfaces of the 
paper, and the paper is suspended over a hot plate 
until dry. Monopotassium phosphate paper (21), 
alumina paper (22), and silica gel paper (23) are 
currently prepared as previously described. Prepared 
papers are stored in aluminum foil until needed. 

For the application of lipid extracts the impreg- 
nated paper is laid on a clean glass plate and is 
marked lightly with pencil about 2 em from the bo~- 
tom edge of the paper. Ten t~l of lipid extract is 
applied to each marked spot, giving amounts of the 
desired lipid rangiing from 0.2 to 2.0 ~g per spot. 
Serum may be applied to the glass paper without 
prior preparation of an extract. In this ease, 1 td to 
10 t~l of sermn is pipetted onto a marked spot and is 
overspotted with 10 ~1 of ehloroform-methanol (2:1 

2 The availability of this silicate was kindly pointed out to us by Dr. 
j .  ~r. Dieckert.  
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v/v) before drying. A second application of 10 ~1 of 
chloroform-methanol is made over the spot after the 
first has evaporated. Although lipid extracts can be 
applied successfully with a minimum of experience, 
the application and overspotting of serum requires 
practice to obtain symmetrical spots. It would seem 
that the direct spotting of serum should be limited to 
chromatography of neutral lipids and that conven- 
tional lipid extracts, freed of glucose, amino acids, 
urea, etc., should be used for phosphatide chroma- 
tography, since many of these nonlipid materials in- 
terfere with the separation of phosphatides. 

After the spotting solvent has dried the paper 
is developed by ascending chromatography in the 
appropriate solvent. The chromatography tank is 
covered to minimize solvent evaporation, but no equi- 
libration of the paper with the solvent vapor is neces- 
sary. For example, papers 9 x 15 cm. are developed 
in 1,000 ml. beakers by introducing solvent to a depth 
of a few ram., standing the glass paper in the beaker, 
and covering with aluminum foil. The developing 
time for this arrangement is approximately 11 rain. 

After development the ehromatogram is removed, 
dried, and sprayed with reagent grade concentrated 
sulfuric acid so that both sides are evenly but not 
heavily coated. The sprayed paper is hung in an oven 
at 230~ for four min. Alternately the paper is held 
horizontally over a hot plate until the lipid spots char 
(as the SOn fumes appear). These papers still contain 
enough suifuric acid to be corrosive, but may be stored 
conveniently in Saran-Wrap.| 

Quantitative Chromatographic Technique. Swart- 
wout et al. (24), by measuring the absorbance of the 
charred spots with a photometer designed for the pur- 
pose, developed quantitative micro assay procedures 
for cholesterol and a number of other steroidal com- 
pounds. Also, they pointed out the general applica- 
bility of quantitative glass paper chromatography to 
a wide variety of organic compounds. 

A set of standards is applied to each silicate-coated 
glass paper; e.g., 10 ~l volumes of three standard 
cholesterol solutions (containing 3.0, 9.0 and 15.0 mg 
of cholesterol per 100 ml) are pipetted onto the paper, 
giving spots which contain 0.3 ~g, 0.9 ~g and 1. 5 ~g 
of cholesterol, respectively. Suitable volumes of the 
solutions to be analyzed arc also applied, so that the 
amount of cholesterol applied to each spot on the 
chromatogram lies between 0.2 ~g and 1.5 ~g. After 
chromatography and development of the charreq 
spots in an oven, as described above, the glass paper 
is cut into pieces so as to permit densitometry of each 
spot of standard and of each unknown sample. The 
absorbance of each charred spot is read and recorded, 
as well as the absorbance of a glass paper blank cut 
out at the level of the spots. Then these pieces of 
glass paper, properly identified, are freed of the car- 
bon char by hanging in a furnace at 600~ for 15 
rain. The absorbanee of the carbon residue in a given 
sample is obtained from the following relationship : 

A s  - 

AT = 
A2 = 

A 3 

A 4  ---- 

(& - A2) - (A3 - A4) 

Absorbance of sample. 
Absorbance of glass paper with charred spot. 
Absorbance of glass paper after removing 
charred spot. 
Absorbance of glass paper bIank. 
Absorbanee of glass paper blank after remov- 
ing the char of the reagent. 

The absorbance of the staudards is plotted on linear 
graph paper. The amount of material in the unknown 
samples is read from this graph. Two samples of 
pooled serum were analyzed by this method and by 
the method of Sobel and Mayer (25). The results are 
shown in Table I. 

TABLE I 

Comparison of Total Cholesterol Concentration of Two Pooled Sera by 
Glass Paper  Chromatography and by Speetrophotomet~.-y. 

Glass paper  chromatography I Sobel-.SIayer me~,hod 

187 ~ 9.3 rag./100 m]. a I 179 rag./100 ml. 
496 ~ 21.1 mg. /100 ml. i 474 rag./100 mL 

Av. Value • S. D, (50 determinations).  

The non-uniformity of the glass paper is the only 
reason for rereading the cut-out spots after removal of 
the char at 600~ Should a sufficiently uniform 
paper become available, the labor involved in pho- 
tometry would be halved, or work output for the same 
effort would be doubled. 

Earlier glass papers from the Hurlbut Paper Co. 
required pre-treatment with solvent or a furnace at 
600~ to remove residual organic binder. Later 
papers from the same source and bearing the same 
designation, No. 934-AH, do not require this pre- 
liminary cleaning unless they become dirtied due to 
careless handling. It  has become a practice with the 
authors, however, to pre-treat each paper at 600~ 
for 15 min. in a furnace, a 

Standard curves for a number of sterols, steroids, 
and bile acids were published by Swartwout et aL 
(24), and of phosphatidyl choline and sphingomyelin 
by ~[uldrey et al. (20) who also reported analyses of 
the various phosphatides in human blood and serum 
(20, 26). Preliminary results have been reported of 
the quantitative glass paper chromatography of hu- 
man fecal sterols (27) and of cholesteryI esters and 
methyl esters of the higher fat ty acids (28). Prelimi- 
nary application of the quantitative assay to the 
cholesteryl esters of human maternal and cord sera 
revealed a serum cholesteryl ester fat ty acid (CEFA) 
pattern characteristic of the adult of the species and 
characteristic of the newborn (29). Bowers et al. (30) 
applied this technique to the sera of patients with 
various liver diseases and observed an abnormal 
CEFA pattern in many such cases. The effect of nico- 
tinic acid therapy on the hmnan serum CEFA pattern 
has also been determined by this method (31). I t  is 
evident that this technique of quantitative glass paper 
chromatography can be applied successfully in the 
microgram range to a wide variety or organic com- 
pounds which can be made to separate chromatog- 
raphically and which can be charred with sulfuric 
acid and heat. 

Neutral Lipids. In their original report of im- 
pregnated glass paper chromatography, Dieckert and 
Reiser (12) described the separation of cholesteryl 
palmitate, cholesterol, tripalmitin, dipahnitin and 
monopMmitin. This technique has been used by 
Reiser et al. (32, 33) for following the progress of the 
separation of neutral lipids and phosphatides on 
silieic acid eolmnns. Cry, Bickford, and Dieckert 
(34) were able to separate the methyl esters of bromL 
nated fatty acids on silieie acid glass paper. During 

a_~ reliable well-bhermostated 12 x 12 x 12 in. or 18 x 18 x 18 in. 
furnace may be obtained from the Blue Diamond Kiln Company, 1709 
X. Hullen Drive, Metairio, Louisiana. 
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chromatography  of serum lipids on silieie acid glass 
papers,  i t  was observed tha t  occasionally some frac- 
t ionation of the cholesteryl esters was obtained which 
seemed to resemble the separat ions obtained by Klein 
and Janssen (35) on silieie acid columns. Efforts  to 
improve the si]icie acid impregnated  glass pape r  for 
the purpose of separat ing the cholesteryl esters led 
to the development of a technique of impregnat ing  
the paper  with silica gel. This paper  gives a repro- 
ducible separat ion of cholesteryl esters as shown in 
Fig. 1. The p r i m a r y  effect observed depends on the 
nmnber  of double bonds present  in the molecule. This 
same separat ion is obtained with the methyl  esters 
of f a t t y  acids, Fig. 2. This same separat ion of methyl  
esters of f a t ty  acids may  be obtained on silicic acid 
columns. 

I t  was observed tha t  on all of the chromatograms in 
which cholesteryl esters were separated f rom a serum 
extract  on silica gel pape r  tha t  free cholesterol moves 
to an 1%~ of about 0.1 when developed in isooetane 
while tr iglycerides are still at  the origin. The addi- 
tim~ of a more polar  solvent to the isooctane causes an 
increase in the R~ of t r iglyceride which is greater  
than  the concurrent  increase in the Rf of cholesterol, 
so tha t  in all solvents which we have investigated the 
relative positions become reversed and tr iglycerides 
reach the solvent f ron t  before cholesterol. The R~ 
value at  which cholesterol and tr iglyeeride reverse 
positions varies grea t ly  and depends upon the polar  
solvent used. The addition of isopropyl acetate to 

Fro. 1. Photograph of a ehomatogram showing the separation 
of cholesteryl esters on " s i l i ca  geU ~ glass paper. Developing 
solution: Isooet~ne. A. Alcohol-ether extract of serum. B. 
Cholesteryl stearate. C. Cholesteryl pahnitate.  D. Cholestery] 
ole~te. E. Cholesteryi linoleate. F. Cholesteryl linolenate. G. 
Cholesteryl araehidonate, tI. Cholesterol. 

FIG. 9. Photograph of a ehromatogram showing the separa- 
tion of methyl esters on "si l ica g e l "  paper. Developing solu- 
tion: Isooctane. 1. Methyl stearate and palmitate. 2. Methyl 
oleate, 3. Methyl ]inoleate. 4. Methyl linolenate. 5. Metto'l 
araehidonate. 6. Mixture of 1, 2, 3, 4, and 5. 7. Methyl esters 
of vegetable shortening. 8. Methyl esters of cottonseed oil. 

isooctane causes the reversal  to occur at  such a low Rf 
value that  a separat ion of tr iglyceride and cholesterol 
with the la t ter  having a higher 1%~ value is not feasible. 
With 1,2-dichloroethane-isooetane mixtures, however, 
this reversal  takes place at  higher R~ values and a 
separat ion of cholesterol f rom triglyeerides, without 
reversal, is readi ly  obtained. An example of the use 
of these two solvent systems for the separat ion of 
cholesterol and tr iglycerides is shown ill Fig. 3. These 
two solvent systems should prove to be useful for two 
dimensional chromatography  for  identification pur-  
poses. That  this reversal  probably  also takes place on 
silicic acid colmnns can be deduced f rom the work of 
Hirsch and Ahrens (36) who studied the adsorption 
isotherms of lipids in a number  of solvent systems. 

No useful  f ract ionat ion of a na tura l  mixture  of 
tr igtyeerides has been obtained, Mthough tr is tear in 
and triolein can be separated f rom one another. 

There is an effect of f a t t y  acid chain length on ad- 
sorption as shown by Ory (37) who separated aceto- 
glycerides on silicie acid glass paper ,  bu t  the separa- 
bili ty is less than that  obtained by  reverse phase 
pape r  chromatography  (38). 

Miscellaneous observtions on the chromatography 
of ~eutral lipids. Scattered observations which have 
been accumulated in the course of previous investiga- 



OCTOBER, 1961 HAMILTON AND ~[VId)REY: GLASS I)XPI':R CHROMATOGRAPI-[U 585 

tions but which have not been published previously 
are presented here with the hope that they may prove 
useful. 

Glass paper may be used effectively as the support 
for a non-polar or " reversed"  phase, in which case its 
properties are very similar to those of non-polar cel- 
lulose paper. Using glass paper coated with hydro- 
carbons and silicones, we have duplicated the separa- 
tions of methyl esters of fat ty acids, sterol esters, and 
eoenzymes Q9 from Qlo which have been reported on 
coated cellulose paper (38). However, the advan- 
tageous rapid solvent development usually charac- 
teristic of impregnated glass paper is lost, as is the 
other major advantage of the glass fiber paper: the 
sulfuric acid char reaction. The char technique is 
unusable with hydrocarbon coatings and usable with 
difficulty in the ease of silicone coated papers which 
are quite difficult to wet with the sulfuric acid spray. 
Investigation of reversed phase glass papers has been 
discontinued in the ahsenee of any definite advantage 
over reversed phase cellulose paper. 

Coenzyme Q9 and Qlo run as a single spot on silica 
gel glass paper with an R~ value just below that of 
cholesterol. We have been able to separate them still 
further from cholesterol by eonvertilag them to the 
more polar hydroquinones on the glass paper by over- 
spotting with sodium borohydride solution prior to 
chromatography. 

Since we use corn and cottonseed oil in experi- 
mental diets, we were prompted to attempt the de- 
temnination of the sitosterol content of these oils by 
quantitative glass paper chromatography. This ap- 
peared to be relatively simple in view of the success 
of this technique when applied to cholesterol (24), 
since fl-sitosterol has the same Re as cholesterol on 
potassium silicate glass paper. A compom~d having 
an R~ value higher than fl-sitosterol was observed in 
both corn and cottonseed oils and on further investi- 

i: i 

l~m. 3. Photograph of a ehromatogram showing the separa- 
tion of cholesterol and triglyeerides on "s i l i ca  g e l "  glass 
paper. Developing solutlon: Chromatogram 0~1 Left-Isooetane- 
Isopropyl acetate-100-2, Chromatogram on Right-Isooetane 1,2- 
dictlloroetha~m 100-30. A. Alcohol-ether extract of serum. 13, 
Cholesterol. C. Triglyeerides (cottonseed oil). 

gation was found in peanut and olive oils. In corn 
oil its concentration is ahnost as high as that of the 
material in the spot containing fl-sitosterol, and it is 
a major component of the non-saponifiable fraction in 
all four oils. I t  was shown to be neither a-toeopherol 
nor ,/-sitosterol (the latter, a gift of Dr. Arnis Kuesis). 
Our values for the sitosterol eontent of corn oil were 
approximately 300 nlg per 100 ml as compared with 
800 mg per 100 ml, the value listed by the manufae- 
tater.  (We were unable to analyze samples which 
were also analyzed by the manufacturer, who had dis- 
continued sitosterol determinations on their oils.) 

Alpha toeopherol, which has a much higher Rf value 
than does cholesterol or sitosterol, may also be chro- 
matographed in its more stable and more polar 
oxidized form by adding ferric chloride before chro- 
matography. Glass paper chromatography might well 
be adapted to the quantitative determination of a- 
toeopherol. 

Squalene, the C3o isoprenoid preem'sor of cho- 
lesterol, travels with the soh'ent front on silica gel 
paper with isooetane as the developing solvent. 

Carotenoid and chlorophyll pigments are rapidly 
separated on silica gel glass paper. The separations 
are similar to those on columns, and to separations re- 
ported by Strain on glass paper. Chromatography of 
plant pignlents has been used entirely for purposes 
of demonstration since the colors permit continual 
observation of the progress of development of the 
ehromatograms. The pigments are rapidly destroyed 
by the gel paper, but the separations are rapid enough 
to be useful for qualitative assay of cohmm-fraetions. 
It is possible that some adsorbent other than siliea gel 
might cause less destruction and prove more useful 
for these eompomlds. 

Phospholipids. Four chromatographic systems for 
phosphatide separations on glass paper have been re- 
ported. The first by Dieckert and Reiser (16), em- 
ployed silieic acid impregnated glass paper and 
methanol-ethyl ether as solvent. Although it repre- 
sented an important advance in chromatography at 
the t.ime, this system produced elongated spots. Im- 
proved separations were obtained when the acetone- 
ether-phenol-water solvent of Dieckert and Morris 
(39) was applied to the chromatography of phospho- 
lipids on silicic acid impregnated gla~s ~aper (40). 
The third system to employ silieie acid impregnated 
glass paper was described by Agranoff, Bradley and 
Brady (41), who reported that phosphatide separa- 
tions on silieie acid impregnated glass papers with 
the diissobutylketone-aeetie acid-water system were 
very similar to separations obtained with the same 
solvent system on silicie aeid-eoated cellulose paper. 
On silieie acid glass paper in these three solvent sys- 
tems the phospholipids separate as follows, in order 
of decreasing tl~ values: the eephalins, phosphatidyl 
ethanolamine (PE) and phosphatidyl serine (PS),  
lecithin or phosphatidyl choline (PC) and sphingo- 
myelin (Sp). The lysophosphatides have Re values 
smaller than the corresponding parent compounds 
and often overlap other phosphatides of smaller Rf 
value than the parent compounds. For  example, lyso- 
PE may occupy the same spot as PC, etc. 

The fourth system for the chromatography of phos- 
phatides on glass paper, described by Muldrey, Miller 
and Hamilton (20,26), differs fundamentally from 
the other three systems. A major reversal of the mi- 
gration order (relative 1~ values) is effeeted by means 
of an alkaline silicate coating of the glass paper and 
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a benzene-pyridine-water (BPW)  solvent. In  this 
system the aminophosphatides, PE  and PS and their 
lyso compounds, have l~f values smaller than those of 
PC and SP. On glass papers coated with 0.4% (w/v)  
aqueous sodium silicate solution, free fa t ty  acids 
( F F A ) ,  PC, Sp and P E  can be separated cleanly, 
both in model mixtures and in extracts of natural  
mixtures, e.g., lipid extracts of blood, serum, liver 
and brain. The neutral  lipids in natural  nlixtures are 
removed to the solvent f ront  in a seven rain. "ben-  
zene sweep" and, therefore, do not interfere with the 
subsequent chromatography of the phosphatides. 
Satisfactory separations of PS from natural  lipid 
mixtures are obtained on a more heavily impregnated 
(2% silicate solution) glass paper. The principle of 
the benzene sweep is extended to a prel iminary short 
development in a second solvent, B P W  100: 125: 13, 
which leaves PS at the origin, but moves PC, Sp and 
P E  up the paper ;  subsequent development in BPW 
100:125:25  moves PS as a compact separate spot. 
The second and third solvents may be applied with an 
intervening drying  in vaemm~. In an alternate pro- 
cedure which is tantamount  to gradient elution, the 
second solvent, B P W  100:125:13  is permit ted to 
travel about half-way up the paper, and the paper  is 
then t ransferred directly to the third solvent, B P W  
100:125:25.  Fig. 4 illustrates a ehromatogram ob- 
tained with this teehnique. Standard  curves for quan- 
ti tative glass paper chromatography of these phospha- 
tides are shown in Fig. 5. Some prel iminary results 
of the quantitat ive determination of blood and serum 
phosphatides by this procedure are shown in Table II.  

T A B L E  I I  

Mg. of L i p i d  P e r  100 ml. of S o r u m  or  Blood 

P S  

~aternaI serium (J.D.) 
Oord blood serum (J.D.) 
Maternal serum (~r 
Cord blood s e r u m  (M.F . )  

(marked hemolysis) 
Fasting adult male (E.M.) 

s e r u m  
blood 

F a s t i n g  adu l t  mal~ (E .M. )  
s e r u m  
blood 

Pc 

132 
40 

117 
26 

164 
156 

151 
147 

Sp. and  
Lyso  P C _  

65 
36 
76 
35 

57 
109 

63 
97 

P E  

12 
5.2 
3.0 
6.0 

38.2 

36.0 

0 
1.6 
2.0 
3.2 

0 
25 

4.4 
21 

I t  should be pointed out that  PC, PE,  PS, lyso PE  
and lyso PS are resolved as single spots in this system, 
but Sp and lyso PC appear  at the same tCf value. Also 
noted was the appearance of plasmalogen lipid at the 
Rf level of its diglyceride analog: phosphatidal cho- 
line with phosphatidyl  choline, phosphatidal ethanola- 
mine and serine with P E  and PS, respectively. Sermn 
lipid extracts contain a small amount  of plasmalogen 
material in the Sp spot;  this would seem to be lyso- 
phosphatidal choline. 

The sodium and potassium silicate impregnated 
glass papers give separations of PE  and PS which are 
better than those of the three silicic acid systems de- 
scribed, l~ouser et al (42) employed the same princi- 
ple when they separated on a silicic acid- ammonium 
silicate column the PE  and PS which are eluted to- 
gether f rom silicic acid columns. 

The pyridine solvent system has proved interesting 
when applied to cerebrosides and other brain lipids 
(43) aald has been adapted to silicic acid cellulose 
papers by Hack (44) and coworkers (45) for  the 
separation of cerebrosides and sulfatides. 

Steroids, Bile Acids, Sterols and Sapogenins. Im- 
pregnated glass fiber paper  has proved to be par- 
t icularly useful for  the separation of polycyc]ic lipids. 
]n an investigation designed pr imari ly  to gather in- 
formation about the effect of various functional 
groups and isomers on adsorbability Hamilton and 
Dieekert (46) studied a number of steroids. Two 
different pairs of cis-trans isomers were readily sepa- 
rated, allopregnane-3fl-ol-20-one from pregmane-3fl-ol- 
20-one (5a and 5fl) and estradiol-17fl from estradiol- 
17a. Three pairs of alcohols and their corresponding 
ketones were also separated, cortisone from hydro- 
cortisone, 11-dehydroeorticosterone from eortieos- 
terone, and estrone from both estradiols. Although 
the position isomers, eorticosterone and 17a-hydroxy- 
l l-deoxy-corticosterone were not separated in the sim- 
ple soh-ent systems and short papers used in this in- 
vestigation, they were later separated by Dingman, 
c , I  (47). The same general conclusions held also for 
the bile acids (22). Three of the four  isomers of 3a, 
6(a or fl), 7(a or B)-tr ihydroxycholanie acids were 
found to be readily separable. More recently the 
fourth isomer (hyocholic acid) became available and 
was also found to be separable from the other three 
(43). These compounds include both cis-trans and 
position isomers. Deoxycholic acid was not separable 
from ehenodeoxycholic acid on sodium silicate, silicic 
acid, phosphate or almnina paper, but  has nmre re- 

FIG. 4. Photograph of a ehromatogram showing the sepa- 
ration of phosphatides on glass paper impregnated with 2% 
sodimn silicate solution. Developing solvents: First,  benzene, 
developed to upper front  (14 era.). Second, benzene-pyridine- 
water (BPW 100-125-13, developed until solvent traveled 5 era., 
then t ransferred directly to third solvent. Third, B P W  100: 
125:25 until solvent rose to lower f ront  (12 em.). A. Triglye- 
eride and cholesterol. B. Fa t ty  acid. C. Phosphatidyl  choline. 
D. Sphingomyelim E. Phosphatidyl  ethanolamine (PE)  F. 
Mixture containing (in order of decreasing Rf> neutral  lipid, 
PE,  lyso-PE and phosphatadyl  serine. G. A chloroform- 
methallol extract of blood serum. 
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FIG. 5. S tandard  curves of phosphat idyl  choline (PC) ,  
sphingomyelin (Sp) ,  phosphat idyl  ethanolamine ( P E )  and 
phosphat idyl  serine ( P S ) .  The absorba nee of  the charred spot  
is plotted agains t  the amount  of phosphat ide  applied to the 
chromatogram. 

cently been separated on phosphate paper  in a dif- 
ferent  solvent (43). The ability to run  a large num- 
ber of chromatograms in a short period of time makes 
it  feasible to test a large number of solvent systems. 
The different papers  also have different chromato- 
graphic properties. This is i l lustrated in Table I I I  
for  lithocholic acid, 3,12-diketocholanic acid and de- 
hydrocholic acid in benzene-ethanol as a chromato- 
graphic solventl 3,12-diketocholanie acid has a higher 
R~ value than does dehydroeholic acid on all three 
papers  while lithocholic acid occupies all three possi- 
ble positions with respect to these two. 

The isolation of sapogenius o2 the peanut  by 
Dieckert, Morris and Mason (19) is an excellent exam- 
ple of the use of impregnated glass paper  as a tool for  
the isolation and identification of na tura l  products. 
They were able to separate the sapogenins into three 
distinct fract ions on a silicic acid column. Impreg- 
nated glass paper  was used as an assay to follow the 
progress of this column. Glass paper  chromatography 
also made it  obvious tha t  none of the three fractions 
was homogeneous and that  they could not be fu r the r  
resolved by silieic acid chromatography.  

The resolution of these mixtures was accomplished 
by use of a glass paper  column and again the progress 
of the fract ionation was followed by glass paper  chro- 
matography.  The value of the different adsorbents 
for  impregnat ing glass fiber paper  was illustrated, 
e.g., peanut  sapogenins A~ and A2 were separable on 
glass paper  t reated with phosphate but  not  on silicic 
acid paper  while for  soya sapogenols B and D the 
reverse was true. They were able to isolate four  dif- 
ferent  peanut  sapogenins by this technique and show 

TABLE I I I  
Rf Values of Bile Acids on Three Different Impregnated Olass Papers 

3, 12-diket, ochelanic ............................... - - - - 0 : 4  0 :7  C 0.35 
Dehydrocholic ........................................ [ 0.47 ( 0.4,6 I 0.25 
Lithocholic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  J 0.36 ] 0.55 I 0.68 

&. Potassium silicate paper, Benzene-ethanol 100:5, 
B. Phosphat~ paper, Benzene~ethanol 100: 1. 
C. Silicir acid paper, Benzene-e~hanol 200 : 1. 

that one of them was probably identical to soya sapo- 
genol B. I t  was conclusively shown by cochromatog- 
r aphy  on impregnated glass fiber paper  that  the other 
three peanut  sapogenins isolated were not identical to 
soya sapogenols A, C, and D. 

A prel iminary report  of the use of glass paper 
chromatography for the separation of fecal sterols 
was reported in 1959 (27). The recent finding that  
silica gel glass paper  could be used for the separation 
of cholesteryl esters led us to investigate the possi- 
bility of separating sterols based on the number of 
double bonds. Other sterols were included with the 
idea of using this technique for investigating fecal 
sterols and for use in the s tudy of stere] biosynthesis 
(48). 

Two pairs of sterols differing only in the position 
of double bonds were found to be separable af ter  
acetylation, cholesterol (A s) from aLcholestenol and 
desmosterol (A~.24) f rom zymosterol (as.ed). Cho- 
lesteryl acetate and desmosteryl acetate were separa- 
ble; the later, containing one additional double bond, 
had the lower 1~. None of these compounds were 
separable as free sterols. Lanosterol (As.24-4,4,14-tri - 
methylcholestadienol),  methostenol (av-4a-methyleho - 
lestenol) and cholesterol were separable as free sterols, 
but  not as acetates. 

Alpha and fl-cholestanol were readily separable 
whereas a and fl-coprostanol were separable only with 
difficulty. Cholestanone and coprostanone were not 
separable f rom each other but  were completely sepa- 
rated from sterols. 

Glass paper  chromatography has been developed as 
a method for the determination of m' inary aldo- 
sterone by Staub and Dingman (49). 

D i s c u s s i o n  

Glass fiber paper  was selected as a support  medium 
for silicic acid because of its inertness to high tem- 
perature  and corrosive reagents. F rom its inception 
by Dieckert it  was operated as if it were an adsorption 
chromatogram. The simplicity of adsorption chro- 
matography compared with liquid-liquid part i t ion 
and the vast l i terature on adsorption chromatog- 
r aphy  has led us, also, to prefer  to use it as if it were 
an adsorption chromatogram. In the ease of more 
polar compounds, such as phosphatides, there is some 
doubt about the nature  of the stat ionary phase which 
allows one to separate these compounds, but selection 
of solvent systems using adsorption chromatography 
theory has proved most useful. 

A deliberate effort has been made to use lighter im- 
pregnat ion of adsorbent, e.g., 1 to 2% solution as con- 
trasted to the usual 10 to 20%, which increases the 
sensitivity of the char formation and increases the 
separation factor  between compounds. This is similar 
to the findings of Stahl (11) for  thin layer  chroma- 
tography. The l ightly impregnated papers  are much 
simpler to prepare  since no precautions are required 
to coat the papers  evenly. Complicated washing pro- 
cedures have been completely eliminated for all of the 
impregTmted papers  except silieic acid. The volati l i ty 
of ammonium chloride has proved to be of part icular  
advantage for the formation of alumina and the new 
"si l ica ge l "  paper. I f  an adequate muffle furnace is 
not available the ammonium chloride may be removed 
by washing with water. In  our laboratory the use of 
"si l ica ge l "  paper  has largely replaced the use of 
silicic acid paper. The l ightly coated papers  have the 



5 8 8  T H E  J O U R N A L  OF T I l E  A M E R I C A N  O I L  C H E M I S T S '  S O C I E T Y  "~TOL. 3 8  

one disadvantage of low capacity. In  general, from 
0.2 to 2.0 micrograms of each lipid are separable as 
symmetrical spots. This gives an adequate working 
concentration range, conserves lipid material, and is 
only disadvantageouus when it becomes desirable to 
isolate material from the ehromatogram or use a tech- 
nique for locating the compounds which is less sensi- 
tive than the sulfuric acid char reaction. 

Another  major  advantage of impregnated glass 
paper, besides inertness, is the rapidi ty  with which 
solvents develop on the paper. Often a 10 cm develop- 
merit (approximately seven rain.) and rare ly  more 
than 20 cm (20 min.) gives the desired separation. 

The th i rd  major  advantage, the quanti tat ive densi- 
tometry of the char, offers the possibility of quanti- 
tative determination of a wide var ie ty  of organic com- 
pounds which might be difficult to assay by other 
methods. 

Impregnated glass fiber paper  has a high discrimi- 
na tory  power for  changes in functional groups, dif- 
ferences in unsaturation, and isomerism, but  is less 
useful than " reversed  phase"  for  separations based 
on differences of molecular size. Fo r  example, the 
additional 5 carbons in QlO over Q9 is almost exactly 
balanced by the addition of one double bond. 

For  the past two years glass paper  chromatography 
has been used successfully for  teaching lipids in the 
freshman medical biochemistry laboratory. During 
art experiment in which the students prepare egg al- 
bumin and lecithin by eonventionM methods, the 
chromatography of phosphatides and neutral  lipids 
of both egg yolk and blood serum are demonstrated. 
Later  in the course the students are required to esti- 
mate the cholesterol and cholesteryl esters in their 
own serum. The students are required to do all of the 
manipulations with the exception of prepar ing  the 
silica gel paper. Three serum extracts from a high 
normal, a low normal, and a cirrhotic serum are pro. 
vided as reference standards. The concentration of 
cholesterol aud of each cholesteryl ester in each of the 
reference extracts is made known to the students. 
Each student prepares  an l l X  extract  by pipet t ing 
0.5 ml of his serum into 10 ml of ethanol-isopropyl 
ether ( 2 :1  v /v ) ,  centrifuges and prepares a 22X ex- 
t ract  by a two-fold dilution with ethanol-isopropyl 
ether. The two unknown extracts are spotted between 
the standards, the chronmtograms are developed in 
isooctane in 800 ml beakers, air-dried, sprayed with 
sulfuric acid, and heated over a hot plate. The stu- 
dent  views the chromatogram by transmit ted light 
and estimates the amount  of each cholesteryl ester by 
comparison with the spots f rom the s tandard solu- 
tions. The high student interest  in this analysis is 
part ia l ly  because he actually visualizes the cholesteryl 
ester f a t ty  acid pa t te rn  of his own serum between the 
high and low normal scra and next  to the cirrhotic 
serum, and par t ia l ly  because of the current  interest in 
the relationship of serum cholesterol to atherosclerosis. 

The separations of sugars on impregnated glass 
papers by Jayme and Knolle (50) and by Dieckert 
and Morris (39) and Gabriel and Igals (51) repre- 
sent an extension of the technique toward part i t ion 
chromatography. The mucopolysaeeharide separa- 
tions of Dalferes and Berenson (52) indicate the pos- 
sibility of adapt ing glass paper  methods to separation 
of polymeric materials of different molecular size. 
The recent repor t  by Mutschler and Roehelmyer (53) 
of amino acid separations on thin layers suggests that  

similar separations could be acconlplished on suitably 
impregnated glass papers. 

This paper  is presented pr imari ly  as the technique 
of glass paper  chromatography as used in the authors '  
laboratories and is not intended as a critical review. 

As a closing thought the authors would concur with 
v 

the opinion of Horfifiek and Cern~kovs (54) that  
"glass  paper  ehrolnatography deserves more exten- 
sive appl icat ion."  
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