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Gas Chromatography n Lipid Investigations

E. C. HORNING and W. J. A. VANDENHEUVEL, Lipid Research Center, Department of Biochemistry,

Baylor University College of Medicine, Houston, Texas

Abstract

Biological problems involving long chain com-
pounds and steroids can now be studied more ef-
fectively than ever before through use of GLC
techniques. When combined with TLC methods
for the separation of classes of compounds, these
procedures are the most valuable analytical meth-
ods now known for lipid investigations. The fact
that both qualitative and quantitative data may
be obtained at the same time, and that the methods
may be used to study complex mixtures at the
microgram and sub-microgram level, suggests that
many new applications will be found in the fields
of chemistry, biology and medicine.

TRIGLYCERIDES

L L 1 L |
9 16 8 20 22
120° 2.4°/ MIN. 215°

Fi1a. 1. GLC analysis of fatty aeid methyl esters derived
from triglycerides present in human arterial lesion tissue. The
conditions were as follows: 12 ft x 4 mm glass coil; 1%
EGSS-X (Applied Science Laboratories, Ine.) on 100-120
mesh acid-washed and silanized Gas-Chrom P; hydrogen flame
ionization detector; temperature programmed separation start-
ing at 120C. The position of saturated unbranched long chain
esters is indicated on the chart. The compounds near Cs are
C:20:3 and C:20:4 methyl esters.

The procedures described in this paper are
chiefly those developed over the last few years in
the laboratories of the authors. Thin-film col-
umns prepared with diatomaceous earth supports
have been used since 1960 in many studies. A new
procedure, utilizing a thin-film column, was de-
veloped for the separation and estimation of long
chain fatty acid methyl esters. The method has
been used in conjuction with TLC separations
using silica gel and silica gel-silver nitrate plates.
The relationship between retention time behavior
and the structure of steroids has been studied,
and the ‘‘steroid number’’ concept has been used
to deseribed GLC properties of steroids. Proce-
dures have been found for the inactivation of
supports, for the modification of liquid phase
properties, for the preparation of a variety of
special derivatives useful in GLC work and for
the study of several groups of steroids important
in human metabolism. A number of quantitative
analytical separations were also developed.

AS-LIQUID CHROMATOGRAPHY (GLC) is the most
G’ valuable analytical technique now known for the
study of long chain compounds and of steroids. When
combined with TLC methods suitable for the separa-
tion of classes of compounds, these techniques pro-
vide a highly effective means of studying many bio-
chemical and biological problems involving lipids and
steroids in plants, animals and humans. In animals
and in humans the effects of drugs, stress, dietary
changes and many other experimentally devised ecir-
cumstances, now can be studied with greater effective-
ness than ever before.

At the present time, most laboratories using GLC
procedures for the study of long chain compounds
employ one or more variations of the polyester col-
umn separation methods developed in 1958-1959 (1-
4). These methods are suitable for the study of tri-
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LECITHINS

1 ] 1 ]
14 16 8 20 2‘2
120° 2.4°/ MIN. 218
F1e. 2. GLC analysis of fatty acid methyl esters derived from
lecithing present in human arterial lesion tissue. The condi-
tions for the separation are the same as those for Figure 1.
The compound eluted just before C:15 is unidentified.

glyceride fatty acids in many applications, and have’

also been used in work with long chain aleohols, ace-
tals and ketones. They are not fully informative or
satisfactory in several applications which are of in-
terest at the present time. Positional and steric iso-
mers of the common unsaturated fatty acids are not
usually separated, although their presence may often
be noticed through a change in peak profile. This is
not a significant problem in many studies of triglye-
erides of plant origin, but the separation of isomers
is of considerable interest in work with animals and
with humans. The usual methods are also somewhat
less than satisfactory when it is necessary to scan a
fatty acid mixture, as the methyl esters, from ca.
Cio to ca. Cgs. For example, a separation of human
sphingomyelin fatty acid methyl esters should be
carried to nervonic acid (C-24:15-cis), and it is often
desirable to start a separation under conditions where
esters of Cg or Cyo acids would be seen if they are
present.

CHOLESTEROL ESTERS

[} Il 1 1 L -

14 16 i8 20 22
120° 24°/ MIN a15°

F1g. 3. GLC analysis of fatty acid methyl esters derived
from cholesterol esters present in human arterial lesion tissue.
The conditions were the same as for Figure 1. The identifi-
cation of each methyl ester is evident from the relative position
of the peaks.

Vor. 41
SPHINGOMYELINS
!
J i 1 1 1 1 1
14 16 18 20 22 24
120° 24°/MIN 215°

F1a. 4. GLC analysis of fatty acid methyl esters derived
from sphingomyelins present in human arterial lesion tissue. The
conditions were the same as for Figure 1. The major com-
ponents of the mixture found in the region Cz to Cx are
the methyl esters of C:22, C:23, C:24 and C:24:1 fatty acids.

The problem of scanning over a relatively large
range of molecular size for methyl esters may be dealf
with through use of a temperature programmed sepa-
ration with 1% EGSS-X (a copolymer of ethylene
glyeol, succinic acid and a dimethyl siloxane mono-
mer) liquid phase using a 12-ft packed column. This
method has been in use in our laboratory for over a
year in a variety of applications and the results have
been entirely satisfactory. All of the commonly en-
countered unsaturated fatty acids may be separated
in a single run. Figures 1-3 show analytical separa-
tions carried out by this procedure for the fatty acids
of triglycerides, lecithins and cholesterol esters found
in human arterial lesion tissue. Monoene and diene
fatty acid methyl esters are separated without dif-
ficulty from the corresponding saturated esters and
from each other. The separation of a triene and tetra-
ene in the Cy series is shown in Figure 2. Figure 4
shows the separation of fatty acids from sphingomye-
lins found in human arterial lesion tissue. The methyl
esters of nervonic and lignoceric acids are separated
with about the same degree of resolution as found for
(16 and Cy3 monoene fatty acid methyl esters. There
is a slight rise in the base line during the separation
(dual columns were not used) ; no correction for in-
creased bleed at higher temp was made. Figure 5
shows a separation of the dimethyl acetals and fatty
acid methyl esters derived from human serum cepha-
lins. The Cig and Cyz dimethyl acetals are evident in
the normal pattern, and they are present in reduced
amt but still evident in traces in the pattern shown in
the upper chart.

These figures were prepared for purposes of illus-
tration by using a very slow chart speed. Conse-
quently, the peaks are extremely narrow, and while
this is helpful for illustrations, it is not a satisfactory
condition for calculation of composition. When this
is required, a faster chart speed is employed, and the
peaks are of about the same size as those usually meas-
ured in isothermal work. A flame ionization detection
procedure was used. Table I shows typical results ob-
tained in two routine runs with mixtures of reference
compounds. Results obtained with an argon ionization
detection system in this application are not satis-
factory; low values for the late components are usu-
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Fie. 5. GLC separation of fatty acid methyl esters and
dimethyl acetals derived from human serum ecephaling for
two subjects. The conditions are the same as those for Figure
1. The dimethyl acetals from palmitaldehyde and stearalde-
hyde are eluted under these conditions just before the corre-
sponding saturated unbranched fatty acid methyl esters.

B-TG-Me ESTERS

ally observed. A preliminary account of this method
has been published (5).

Several years ago lipid classes were usually sepa-
rated by column chromatography with silicie acid.
These methods have now been replaced in many lab-
oratories by TLC separations using solvent systems
related to those formerly employed in column separa-
tions. In our laboratory and in others it has been
found that neutral lipids and phospholipids may be
eluted without loss from the silica gel employed for
thin-layer separations. Since current information
about thin-layer techniques will be reviewed by H. K.
Mangold, it would be inappropriate to discuss these
separations in detail. Nevertheless, it should be pointed
out that the accuracy of the analytical separations
shown in Figures 1-5 depends, for biochemical pur-
poses, on a satisfactory extraction procedure and a
satisfactory lipid class separation method as well as
upon good gas chromatography. In this connection,
it should be mentioned again that positional and
stereoisomers of the common unsaturated fatty acids
may occur in some cases in triglycerides and in other
lipid classes. The presence of stereoisomers may be
demonstrated through the use of TLC with silver ni-
trate-silica gel according to de Vries (6) ; this method
may also be modified to permit two-dimensional chro-
matography. When this is done, a sample of fatty
acid methyl esters from normal human serum triglye-
erides shows the presence of compounds containing
trans-isomers (Figs. 6,7); the same effect may be
seen in a one dimensional silver nitrate-silica gel sep-
aration of human serum triglycerides and the derived
fatty acid methyl esters (7). Stereoisomeric fatty acid
methyl esters are included along with the normal com-
pounds in the separation illustrated in Figure 1. It is
therefore clear that the present packed column meth-
ods for analysis of fatty acid methyl esters by GLC
techniques are not satisfactory in some applications,
although they are entirely suitable when isomerie fatty
acids are not present. Capillary column methods may

709
TABLE I
Analyses of Reference Mixtures of Faitty Acid Methyl Esters with 19
EGSS-X Phase®
Weight Anal.b
Compound % found
Mixture 1
C:16 15.1 15.6
C:18 20.0 20.6
C:20 204 20.3
C:22 - 20.6 20.4
C:24 23.9 23.2
Mixture 2
C:16 . 24.9 25.7
C:18 24.9 24.3
C:18:1 25.2 25.1
C:18:2 25.0 24.9

2 Conditions: 12 ft < 4 mm glass coil; 1% EGSS-SX on 100-120 mesh
acid-washed and silanized Gas-Chrom P; hydrogen flame ionization de-
tector; nitrogen carrier gas (27 psi).

b Calculated from areas measured as height x width at half-height;
the precision of the determination was ca. 1%.

be used to separate isomers, but it would also be de-
sirable to have a packed column method suitable for
this purpose; the problem of achieving a packed col-
umn analytical separation is currently under investi-
gation in our laboratory.

The separation of long chain aldehydes as the di-
methyl acetals presents no special problem, as far as
is known at the present time. Recent studies by
Farqubhar (8) and Gray (9) include much current
information about long chain aldehydes and plas-
malogens; the presence of plasmalogens in human
serum cephalins is indicated by the appearance of
the characteristic peaks due to Cig and Cig aldehyde
dimethyl acetals in a fatty acid methyl ester mixture
prepared in the usual way (Fig. 5). Hydroxy acids
require modified procedures, and these were reviewed
recently by Downing (10) ; we have not worked with
these compounds.

Separations of steroids by GLC techniques are now
carried out in many laboratories. The objective is
usually to obtain an analytical separation, on a quan-
titative basis and generally with a very small sample,
but GLC methods may also be used for identification
purposes and for preparative separations. A discus-
sion of eurrent methods, and a brief description of
suitable procedures for preparing and using thin-film
columns may be found in a recent review (11).

It is not possible to summarize at this time all of
the new developments that have occurred for GLC
work with steroids, and for this reason the following
discussion is limited to a summary of advances in
identification techniques and in quantitative methods.
Several examples of separations of current interest are
also deseribed.

The separation of steroids by gas chromatography
is a partition chromatographic process, and the basic
theories of partition chromatography should therefore
be applicable. The special problem of steroid separa-
tions by paper partition chromatography was studied
in detail by Bush (12), and the Bush monograph con-
tains the best extant discussion of the basic theories
of partition chromatography and of structure-behavior
relationships for steroids. The principles were devel-
oped over a period of several years by a number of
scientists, including Martin (13), Bate-Smith and
Westall (14) and Bush (12). The ‘‘steroid number’’
concept of VandenHeuvel and Horning (15) is based
on earlier work in paper partition chromatography,
and on the ‘‘carbon number’’ concept of Woodford
and Van Gent (16), and it is designed for steroid
studies in gas chromatography. According to this
concept a steroid number may be described by the
equation:

SN=S+F,+ ... +F,
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F1g. 6. Two-dimensional TLC separation of fatty acid
methyl esters derived from human serum triglycerides. The
silica gel-silver nitrate method of deVries (6) was used;
the solvent systems were (vertical) ethyl acetate-benzene
(88:12) and (horizontal) benzene. The presence of omne or
more trans-monene compounds is clearly evident in the upper
right hand section of the plate.

STANDARD-Me ESTERS

where S is the number of carbon atoms in the steroid
skeleton and F; . .. F, are values characteristic of
the functional groups which are present. It is evi-
dent that this relationship assumes the absence of
intramolecular interaction of funetional groups, and
consideration should be given to intramolecular ef-
fects if an observed steroid number is greatly different
from the calculated value.

This relationship will be useful and valid to the
extent that K, values are constant from one steroid
to the next, and to the extent that I, values are re-
producible in interlaboratory comparisons. It is a
well known fact that relative retention times are
rarely reproducible on an interlaboratory basis, and
it is also true that some laboratories have had difficulty
in achieving satisfactory technology for steroid sepa-
rations. These factors have led to the relatively wide-
spread belief that GLC techniques are not yet at a
stage where retention time data are useful in strue-
tural studies. This view is without foundation, pro-
vided that sound experimental technology is employed.

Steroid numbers are determined experimentally in
the ways shown in Figures 8,9. A non-selective phase
(SE-30) was employed to obtain the data in Figure 8.
Androstane (SN 19.0) and cholestane (SN 27.0) were
used as reference compounds in this instance, and
the SN of another steroid (cholesterol, SN 29.3, is
used as the example) may be determined from the ref-
erence line relating relative retention times to ste-
roid number. It was found that SN values determined
in this way are essentially independent of small
changes in flow rate, amount of liguid phase, and
temperature of the determination.

Relative retention times are sharply temp depend-
ent, and it is this fact that is responsible for much
of the difficulty in reproducing relative retention times
in interlaboratory comparisons. Much of the com-

VoL. 41
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Fi1e. 7. Two-dimensional TLC separation of a mixture of
reference standards of fatty acid methyl esters (from C:16,
C:18:1, C:18:2, C:18:3, C:20:4, C:20:5, C:22:6). The con-
ditions of the separation were the same as for Figure 6. The
numbers refer to the number of double bonds for the naturally
occurring c¢is methylene-interrupted unsaturated fatty aecids.
The presence of a triene isomer in the mixture is evident in
the region between the esters of C:18:2 and C:18:3 fatty
acids.

500

2.00 CHOLESTEROL

.00

050

020

REL. RET. TIME

0.10

0.05

0 | | 1 I 1
19 21 23 25 27 29 31
STEROID NUMBER

Fig. 8. Steroid number chart showing the relationship between
temp and the slope of the androstane-cholestane line used to
determine steroid numbers from relative retention times (1%
SE-30). The mode of determination of the steroid number
(29.3) of cholesterol (relative retention time, 2.06 at 205C,
is shown.
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Fig. 9. Steroid number chart used to determine steroid
numbers from relative retention times with a selective phase
(1% NGS at 222C). The retention times of cholestane (Chol)
and stigmastane (Stig) (whose SN values are 27 and 29,
respectively) relative to cholesteryl valerate (CeVal) are used
to determine the straight line. Using this line and the rela-
tive retention times of CeVal and cholesteryl heptanoate
(CeHep) SN values are assigned to these compounds. These
SN values are then used as reference points for the determina-
tion of SN values of other steroids. Thus the SN of choles-
tane-3-one, 35.0, ean be obtained from its relative (to CeVal)
retention time, 0.50, and the reference line.

monly available equipment for gas chromatographic
work is constructed with relatively poor temp con-
trols for the column compartment, and the temp read-
ings are also frequently in error through faulty plac-
ing of thermocouples. Properly prepared thin-film
columns containing different amounts of liquid phase
(from 1-2%, for example) do not show different
relative retention times or SN values unless the temp
of the separation is changed at the same time. A
variation in temp, for whatever reason, leads directly
to altered relative retention times.

The effect of a temp change on the slope of the ref-
erence line for determining steroid numbers is shown
in Figure 8. A temp effect is also shown in tabular
form in Table II for relative retention times for a
few representative steroids. Table IT also shows that
very little change in steroid number is found for small
changes in the temp of the determination. These data
are from the work of VandenHeuvel and Horning
(15).

The same kind of experimental procedure may be
used to determine SN values with selective phases.
The experimental techniques are slightly different,
since it is usually no longer possible to use the same
reference compounds (androstane and often cholestane
are eluted in the solvent front when polar columns

TABLE II

Determination of Steroid Number at Three Different Temp with a
Non-Selective Phase (SE-30)

TABLE III

F. Values for Commonly Occurring Functional Groups Determined with
SE-30, NGS and QF-1 Phases

F value

NGS»2

Funetional group

w
=
@
<

©
=]
ol

-

3a(ax)-ol
38(ax)-ol . ..
3a(eq.)-0l . —
3B(eq.)-ol
118(ax.)-ol(4-ene)
17a-ol(sec.)
178-ol (sec.)
20a-ol ... ... ..
208-0l

3-one .
3-one-A*
11-one(4-ene)
17-one

20-one .

A/B eis

# Determined with a 1% phase on acid-washed and silanized Gas
Chrom 8.

® Determined with a 2% phase on acid-washed and silanized Gas
Chrom 8.
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are used for steroid separations). We have used
cholesteryl valerate and cholesteryl heptanoate as sec-
ondary standards, and Figure 9 illustrates the deter-
mination of the SN value for cholestane-3-one with a
selective phase (NGS). In order to use approx the
same temp range in comparative studies, we used a
2% QF-1 column and 1% NGS column for this work.
The effects of small changes in flow rate, amt of liquid
phase and temp on SN values were investigated. It
was found that the rate of change of SN values with
temp was dependent on the type of functional group
found in the steroid. No variation with temp, over
a 20-degree range, was observed for a trimethylsilyl
ether, although a variation of 0.3 was noted for a tri-
fluoracetate when an NGS column was employed.
Other types of compounds showed only 0.1-0.2 varia-
tion in SN value under these conditions. Very little
variation in SN values were observed as a result of
changes in flow rate and amt of liquid phase. From
this recent investigation (17) and from earlier work
it may be concluded that SN values, in contrast to
relative retention times, are relatively independent of
temp over the range usually employed for steroid sep-
arations, and that SN values obtained with either
selective or non-selective phases should be useful both
in intra- and interlaboratory comparisons. In a trial
of experimental technique, a steroid number value for
cholesterol was determined in Milan, Italy by Pompeo
Capella of the Stazione Sperimentale per le Industrie
degli Olii e dei Grassi, with a Carlo Erba gas chro-
matograph (flame ionization detection system) and an
SE-30 column packing prepared in Milan. The ob-
served value was 29.3; this was the same value deter-
mined in Houston, Texas, with different equipment
and a different column packing.

Table 3 contains F' values for a number of commonly
oceurring functional groups. Table 4 shows the way
in which SN calculations are made for a steroid of
relatively simple structure, pregnane-3a,20a-diol, and
the experimentally determined values are given for

Steroid
RRT number

Temperature: 195C

Androstane 0.07

Androstane-17-one 0.15 21.2

5a-Pregnane-3,20-dione 0.61 25.5

Cholestane 1.00

Cholestanyl methyl ether 1.99 29.1
Temperature: 205C

Androstane 0.08

Androstane-17-one 0.17 21.2

5a-Pregnane-3,20-dione 0.63 25.5

Cholestane — 1.00

Cholestanyl methyl ether 1.90 29.1
Temperature: 215C

Androstane 0.10

Androstane-17-one 0.19 21.8

5a-Pregnane-3,20-dione 0.66 25.6

Cholestane . — 1.00

Cholestanyl methyl ether 1.83 29.2

TABLE IV

Comparison of Calculated and Experimental SN Values for Pregnane-3a,-
20a-diol for SE-30, NGS and QF-1 Phases

Steroid number

SE-30 NGS QF-1
C21 steroid, A/B trans 21.0 21.0 21.0
3a(eq.)-ol 2.4 7.5 5.1
20a-ol 2.2 6.9 4.4
A/B cis —0.3 —0.3 —0.3
Cale. 25.3 38.1 30.2
Found 25.3 35.1 30.2
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CHOLESTEROL /CHOLESTANE RATIO VS SAMPLE SiZE
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RATIO
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Fi1g. 10, Variation of response ratio (ratio of peak areas)
of cholesterol-cholestane mixture with sample size (miero-
grams of cholesterol) with three differently prepared column
packings. Liguid phase, 1% F-60. A 6 ft glasy U-tube was
used with an argon ionization detection system. The support
was Gas-Chrom P, 100-120 mesh.

A. Support aeid-washed and silanized with dichlorodi-
methylsilane in toluene.

B. Support acid-washed and oven-dried (80C) before
coating.

—

comparison with the calculated values. Similar calcu-
lations may be made for other steroids and for steroid
derivatives. Many specialized derivatives can be used
to good effect in both qualitative and quantitative
work, and some of these are mentioned later. It is not
suggested that GLC behavior be accepted as a final or
definitive proof of structure, but rather that this ap-
proach provides a way for obtaining much significant
structural information for compounds available in
microgram or sub-microgram quantity. This informa-
tion is frequently sufficient for identification purposes
if an authentic sample is at hand, since highly exact
comparisons for steroids and their derivatives may
be made by GLC techniques.

Much earlier work has of necessity been omitted
from this summary of structure-retention time rela-
tionships. Several attempts have been made to estab-
lish a universal approach for all volatile substances,
and in other instances relationships have been estab-

"RECOVERY" OF CHOLESTANE-3-ONE
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F1e. 11. Variation of recovery of cholestane-3-one with
sample size and with two differently prepared column pack-
ings. The columns were the same as in Figure 10.

Vor. 41
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F1g. 12. Gas chromatographic separation of a mixture of
cholestanol trimethylsilyl ether (CaTMSi), cholestanol (CaOH),
and cholestane-3-one (Ca-3-one) with 1% NGS on acid-washed
80-100 mesh Gas Chrom P. Column conditions: 6 ft x 4 mm
glass U-tube; 216C; 60 ml/min argon.

lished for relatively small numbers of closely related
compounds. The early work of Kovats (18) is an
example of a study in which generality was sought.
For steroids, the studies of Clayton (19), Knights and
Thomas (20) and Brooks and Hanaineh (21) are im-
portant in showing that the gas chromatographic
separation of steroids is a partition chromatographie
process. These approaches are based upon considera-
tion of relative retention times, and the proposed
relationships have the same inherent disadvantages in
interlaboratory comparisons as relative retention time
data.

The advantages of GLC methods in many biochemi-
cal and biological applications are obvious; the sample
size is small, the separation and measurement opera-
tions are combined, and many eomponents of the mix-
ture may be estimated in a single run with high
preecision and accuracy. The latter part of this state-
ment is sometimes challenged, and the issues that are
involved frequently arise from inadequate or unsatis-
factory technology rather than from inherent limita-
tions of GLC work. The following discussion is di-
rected to a better understanding of the factors that
are involved in establishing good quantification. Sat-
isfactory column technology is the most important of
these factors.

One of the ways of studying column properties is
to compare the extent to which compounds with dif-
ferent functional groups are lost during the separa-
tion process. A very simple way of doing this is to
use a mixture of components of known composition,
one of which is a hydrocarbon, and to measure peak
area relationships as the sample size is reduced. It
is usually assumed that none of the hydrocarbon is

|

NGS
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‘ Co-3-ONE
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o 20 40

Fig. 13. Gas chromatographic separation of the same mixture
of steroids as in Figure 12, but with 19 NGS on PVP-treated
(2%) acid-washed 100-120 mesh Gas Chrom P. Column condi-
tions: 6 ft x 4 mm glass U-tube; 216C; 60 ml/min argon.
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F1a. 14. Gas chromatographie separation of a mixture of ste-
roids (androstane-3,17-dione (A-3,17-DIONE); androstane-38,
17B8-diol (A-3,17-DIOL); testosterone (TESTO) on two col-
umns differing only in the method of deactivation of the acid-
washed support used to prepare the packings. The support used
to give the upper chromatogram was silanized with a 5% solu-
tion of dimethyldichlorosilane in toluene prior to coating with
the stationary phase CHDMS; the support used to give the
lower chromatogram was treated with a 29, solution of PVP
in methanol prior to coating with CHDMS. Notice the greatly
improved peak shape (marked reduction of ‘‘tailing’’) for the
hydroxy-containing eompounds on the PVP-treated packing,
and also the significantly increased separation of the diol from
the dione, due to a selective increase in the retention time of the
former. Column conditions: 6 ft x 4 mm glass eolumns; 1%
CHDMS on 100-120 Gas Chrom P with and without PVP-treat-
ment; 60 ml/min; 216C.

lost in a GLC system, but in fact the measurement is
only one of comparative loss. However, for practical
purposes, amt of hydrocarbons may be measured down
to about 0.01 wg with ordinary ionization measure-
ment techniques, and alterations in quantitative rela-
tionships are often seen above this level. Figure 10
shows the alteration in ratio observed for a choles-
terol/cholestane mixture as the sample size is de-
creased. It is clear that the quantitative relationships
are greatly altered with sample sizes below ca. 2 pg
cholesterol ; the chromatography column used in this
experiment was glass and the packing was prepared
with an inactivated support (11), but selective loss
of the sterol is clearly evident. Ketones do not show
this effect. Figure 11 contains information obtained
with the same column used for Figure 10. No selec-
tive loss of the ketone occurred with sample sizes
down to ca. 0.1 pg. In additional experiments no
selective loss was found for a sterol trimethylsilyl
ether down to ca. 0.02 ug (5). These observations
indicate obvious hazards when quantitative work is
attempted with free sterols, but for ketones and tri-
methylsilyl ethers it is evident that good column be-
havior can be expected when satisfactory technology is
employed.

In an attempt to obtain superior column packings
for both qualitative and quantitative work, an in-
vestigation of the ‘‘two-coat’’ technique was carried
out. A diatomaceous earth support was acid-washed
and dried, and coated with 1 or 2% of polyvinylpyr-
rolidone (PVP) by the usual slurry technique. In
separate experiments it was determined that this or-
ganic film had no useful properties for gas chroma-
tography when used alone, presumably because it
was not a liquid under these conditions. A coat of
a polar polyester phase was then applied in a different
solvent, again by the slurry technique, and packings
prepared in this way were found to be different in
at least two respects from those prepared without
the primary PVP coat. Figures 12 and 13 show a
change in selective properties that occurs when a
PVP coating technique is used. For Figure 12, an
ordinary column packing containing 1% NGS on an
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Fi¢. 15. Variation of response ratio (ratio of peak areas)
of cholestanol-tetratriacontane mixture with sample size (ug
cf cholestanol) with two differently prepared column pack-
ings (A, PVP-treated; B, silanized). Column conditions:
Both columns (6 ft x 4 mm glass U-tubes) were operated
in same eolumn oven with same detector (argon ionization)
and conditions (216C, 100 ml/min). The support (100-120
mesh Gas Chrom P) was acid-washed. One portion was then
silanized and coated according to (11); the other portion
was coated with 19 PVP before application of the polyester.
Elution times for cholestane were approx the same.

acid-washed diatomaceous earth support was used,
and under these circumstances alcohols and ketones
of corresponding structure were found to have rela-
tively low separation factors. A 1% NGS phase on
2% PVP-coated diatomaceous earth was used to ob-
tain the separation illustrated in Figure 13. The al-
cohol and ketone are now well separated, with a
marked change in the direction of increased selective
retention of the alecohol (in fact, the order of elution
is reversed in this instance). Figure 14 shows an-
other kind of effect as well. A silanized column pack-
ing containing 1% c¢yclohexanedimethanol succinate
(CHDMS) was used to obtain the separation in the
upper chart. The marked trailing exhibited by the
diol peak indicates relatively severe adsorption effects
for this compound; some trailing is also seen for
testosterone. When a 1% CHDMS-2% PVP column

CNSi

FREE FECAL STEROLS

COPROSTANOL

B S
10 20 30 40 50 60
MINUTES

Fiea. 16. Gas chromatographic separation of a sample of
human fecal sterols. Column conditions: 9 ft x 4 mm glass
column; 29% 65 mole-% cyanoethyl methyl silicone (CNSi)
on 100-140 mesh Gas Chrom P; 205C; 22 psi. We are indebted
to S. Hashim for this sample.



714 THE JOURNAL OF THE AMERICAN OIL CHEMISTS’ SOCIETY Vor. 41
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F1a. 17. Gas chromatographic separation of the same sample
used for Figure 16 after conversion to the trimethylsilyl ether
derivatives. Column conditiens: same as in Figure 16.

was used, the trailing of the diol and of testosterone
is almost entirely eliminated. This suggests that an
experiment similar to that deseribed in Figure 10
should show less selective loss for a sterol when a
PVP packing is employed, and Figure 15 contains
the results of a study of this kind. It is evident that
Curve A, for a 1% NGS-1% PVP column, shows far
less selective adsorption of cholestanol than Curve B,
which was obtained with an ordinary 1% NGS col-
umn. Still another effect that is not widely reeognized
is elearly shown in this figure. Most current discus-
sions of the relationship between ion yield (or peak
areas) and structure for ionization detectors convey
the impression that the observed differences are due to
detector properties alone. This is of course true if
the column is omitted, but in GL.C work carried out
for analytical purposes a column is part of the sys-
tem. Curves A and B were obtained with the same
instrument and detection system, and with samples

i
ﬂ 4% +150

1% NGS
210° C

5

L 1 1
o 0 20
MINUTES

F1e¢. 18. Gas chromatographic separation of a mixture of
steroids. The compounds are pregnanediol ditrimethylsilyl
ether (Pd); androsterone trimethylsilyl ether (5a); etiocho-
lanoclone trimethylsilyl ether (58); dehydroisoandrosterone
trimethylsilyl ether (A®); isoandrosterone trimethylsilyl ether
(IS0); epicoprostanol trimethylsilyl ether (STD); pregnane-
trio)l 3,20-ditrimethylsilyl ether (Pt); 11l-ketoandrosterome tri-
methylsilyl ether (11-O-A); 11-ketoetioeholanolone trimethyl-
silyl ether (11-O-E); 1l-hydroxyandrosterone 3-trimethylsilyl
ether (11-OH-A); I1l-hydroxyetiocholanclone 3-trimethylsilyl
ether (11-OH-E). Column eonditions: 6 ft x 4 mm glass
column; 19% NGS on 80-100 mesh Gas Chrom P; 210C;
18 psi.

2% QF-I
215°¢c ®

P4

o] 10 20 30
MINUTES

Fie. 19. Gas chromatographic separation of the same mix-
ture of steroids as in Figure 18. Column conditions: 12 ft x 4
mm glass column; 29, QF-1 on 80-100 mesh Gas Chrom
P; 215C; 22 psi.

of identical composition, yet the ion yield ratio for
cholestanol-tetratriacontane is quite different in the
two instances. Although there is no immediate ex-
planation for this effect, it may be suggested tenta-
tively that the nature and extent of column bleed
modified the response seen with an argon ionization
system.

The ‘‘two-coat’’ technique and the use of PVP-
treated column packings were described recently by
VandenHeuvel, Gardiner and Horning (22). The
PVP method is not useful for non-selective phases
(SE-30, F-60 and other non-selective siloxane poly-
mers), and a silanizing treatment is still the best way
for preparing non-selective eolumn packings with the
usual diatomaceous earth supports. However, in our
experience PVDP-treated thin-film column packings
with polyester phases are superior to ordinary or
silanized column packings prepared with the same
liquid phase.

Steroid fractions isolated from plant or animal
tissues, with or without modification or change from
normal through applied experimental conditions or
other circumstances, may be relatively simple or highly
complex in eomposition. The sterol fraction of human
blood serum, for example, under normal conditions
contains cholesterol in a high state of purity. The
composition of this fraction may be altered during
administration of certain agents which block the bio-
synthesis of cholesterol, and additional sterols may be
seen under this econdition. A human fecal sterol frac-
tion is somewhat more complex in nature, and a hu-
man urinary steroid fraction, obtained after hydroly-
sis of the steroid conjugates, contains many com-
pounds only a few of which have been identified with
certainty. In order to secure a satisfactory separa-
tion for purposes of identification or estimation of
individual compounds, it is necessary in each case to
choose an appropriate column and detection system,
an appropriate derivative (or, the mixture may be run
directly) and an appropriate procedure for quantifica-
tion. Several illustrations may serve to indicate the
nature of the problems which are encountered in typi-
cal applications.

Figure 16 shows a separation of human fecal sterols,
without derivative formation, with a CNSi column.
It is evident that a number of compounds are present
in addition to coprostanol. This phase is useful in
identification studies because of its ability to separate
stereoisomers, and a separation of free sterols in this
way is highly desirable for identification purposes.
Figure 17 shows a separation of the same mixture
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Fi1a. 20. Gas chromatographic separation of a urinary 17-
ketosteroid fraction (as trimethylsilyl ethers) during oral
adminigtration of dehydroisoandrosterone (normal male sub-
jeet). Colmmn conditions the same as for Figure 19.

after trimethylsilyl ether formation; excellent resolu-
tion of these derivatives may be obtained, and good
quantification may also be expected (23).

The separation of steroid intermediates in the path-
way of cholesterol biosynthesis will be discussed by
W. 1. Holmes; these sterols may be separated as the
free compounds or as derivatives.

A steroid fraction isolated from human urine after
hydrolysis of the steroid conjugates contains many
compounds including substances other than steroids.
The principal 17-ketosteroids are androsterone, etio-
cholanolone and dehydroisoandrosterone. Isoandro-
sterone is sometimes present in relatively small amt.
Four 11-substituted steroids are usually seen: 11-
hydroxy- and 1ll-ketoandrosterone, and 11-hydroxy-
and 11-ketoetiocholanolone. Testosterone is normally
present in small amt, and pregnanediol is usually
seen in varying amt, depending upon the origin of the

2% QF-1,214°

PREGNANEDIOL,

STD

DHIA

Tl 1l 1 1
5

| o 10 15
TIME IN MINUTES

F1¢. 21. Gas chromatographiec separation of a urinary
steroid fraction (as trimethylsilyl ethers) from a 24-hr
sample of humun urine obtained during early pregnancy. The
compounds are the trimethylsilyl ether derivatives of preg-
nanediol; androsterone (A); etiocholanolone (E); dehydroiso-
androsterone (DHIA) and epicoprostanol (STD). Column
conditions: 6 ft x 4 mm glass column; 2% QF-1 on 80-100
mesh Gas Chrom P; 214C; 20 psi.

1% NGS, 208°

ACTH STIMULATION
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STD
II-KA

CORTICOSTERONE
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L 1 | |
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F1g. 22, GLC analysis of human urinary steroids as the
trimethylsilyl ethers. The sample was obtained by the Vester-
gaard hydrolysis method applied to urine obtained during
the first four hr of depot ACTH stimulation. Column condi-
tions: same as for Figure 18, but at 208C and 28 psi.

sample. While it is perhaps theoretically possible to
achieve a separation of all of the known and uniden-
tified compounds with a single GLC run. a different
approach is followed in practice. A separation condi-
tion, together with an appropriate hydrolysis method,
is chosen for the estimation of a specific compound
or a group of compounds. For example, Figure 18
shows the separation of a group of 17-ketosteroids and
pregnanediol, as the trimethylsilyl ether derivatives,
with an NGS column. The separation is an excellent
one for the four 11-substituted 17-ketosteroids shown
in the illustration, and it is also satisfactory for the
estimation of androsterone and etiocholanolone, and

1% NGS,208°

ACTH STIMULATION
HOURS 4-8

sTD CORTICOSTERONE
METABOLITE

UNKNOWN
e 1-HA
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1 I il Il
o] 5 10 5
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Fre. 23. GLC aunalysis of human urinary steroids as the
trimethylsilyl ethers. The sample was from the second four-hr
period of ACTH stimulation, and the conditions were those of
Figure 22. The ‘‘gorticosterone metabolite’’ is shown again
in Figure 24; this compound was altered during the hydrolysis
procedure.
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Fig. 24. GLC analysis of human urinary steroids as the
trimethylsilyl ethers. The sample was obtained after oral
administration of corticosterone, and the conditions were those
of Figure 22. The ‘‘metabolite’’ was altered during the
bydrolysis procedure.

for dehydroisoandrosterone except when isoandro-
sterone is present. We are currently interested in the
estimation of dehydroisoandrosterone in urine and
in blood, and this procedure is therefore not entirely
satisfactory for our work, although it is useful for
other purposes. When a QF-1 column is used, de-
hydroisoandrosterone is separated without interference
from isoandrosterone, and the other principal com-
pounds are also separated (Fig. 19). This separation
is not satisfactory, however, for the usual 11-substi-
tuted 17-ketosteroids. While both methods provide
satisfactory quantitative results for specific com-
pounds, they are not interchangeable and one or the
other may be used for specific purposes. An illus-
tration of this is given in Figure 20; this is a record
of analysis for 24-hr human urinary steroid excretion
products found during administration of dehydro-
isoandrosterone. A QF-1 column was used, and the
steroids were separated as the trimethylsilyl ethers
(24). Epicoprostanol was used as the internal stand-
ard (25).

Figure 21 shows a similar analysis for a 24-hr
sample of human urine obtained during early preg-
nancy. Pregnanediol is present as a major component
of the steroid mixture and the GLC procedure illus-
trated here may be used for its estimation.

Studies of adrenal steroid secretion in the human
during ACTH administration may be carried out
with aid of GLC procedures. Figure 22 shows an
analytical record for a urinary steroid fraction, pre-
pared by the Vestergaard hydrolysis method and show-
ing the 17-ketosteroids obtained during the first four
hr after ACTH administration to a normal human.
This analysis was carried out with a NGS column
in order to study the specfic compound noted as ‘‘cor-
ticosterone metabolite’’; a similar analysis was carried
out with a QF-1 column (not illustrated) for estima-
tion of the prineipal 17-ketosteroids. Figure 23 shows
the ‘‘ corticosterone metabolite’” present in appreeiable
amt during the 4-8 hr period of the ACTH action.
Figure 24 shows an analysis of the corresponding
fraction of human urine obtained after oral adminis-
tration of corticosterone. It should be pointed out that
while this method may be used as an indication of
enhanced corticosterone secretion during a specific
period of adrenal stimulation, it should not be re-
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garded as a direct measurement of a metabolite of
known structure. The structure of this substance is
unknown at the present time, and since the Vester-
gaard procedure is known to produce altered com-
pounds in some instances it is likely that this material
is a chemically altered metabolite.

Human urinary testosterone may be estimated by
a GLOC procedure according to R. Dorfman et al. (26},
and following the work of Luukkainen, VandenHeuvel
and Horning (27) and Wotiz and Martin (28) a num-
ber of estrogen estimation methods have appeared. No
agreement has yet been reached with respect to GLC
procedures for the estimation of adrenal cortical
hormones and their metabolites.

Many steroids used for therapeutic purposes, and
their metabolites, may also be identified and estimated
by GLC techniques. These methods are not, of course,
limited to naturally occurring steroids.

These examples of current work in the development
and use of GLC techniques in the lipid and steroid
field should not be taken as a final account of methods
for work with long chain compounds and with ste-
roids. This summary is a report of work in progess
and it is likely that many other new or modified proce-
dures will be developed during the next few years.
The potential usefulness of GLC methods for lipid
and steroid work in the fields of chemistry, biology
and medicine is now clearly established, and much
new knowledge may be expected to result from the
use of these analytical techniques.
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