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The separation and determination of several steroidal substances
are achieved with capillary supercritical fluid chromatography by
using supercritical CO, as mobile phase. Different stationary
phases are used to compare chromatographic results, optimize the
separation, and obtain information about the chromatographic
behavior of the substances examined. Unexpected elution orders
and problems of poor sensitivity of the flame-ionization detector
towards some compounds are discussed. Alternative
chromatographic conditions are explored: an electron-capture
detector is used with suitably optimized pressure gradients in an
attempt to overcome these limitations.

Introduction

Steroids constitute a broad class of substances that include
compounds of different chemical and physiological properties
ranging from anabolic agents to sexual hormones and adrenal
cortex hormones. They possess widely distributed chemical and
spectroscopic properties, which makes the chromatographic
separation and detection of a complex mixture difficult to
achieve with a single set of experimental conditions. In addition,
selective and sensitive detectors are often required for their
determination in real samples. As a consequence, many dif-
ferent sample clean-up procedures, chromatographic separation
conditions, and detection techniques (often after suitable deriva-
tization reactions) have been used; each one is applicable to a re-
stricted number of compounds or often to a single one.

Both high-performance liquid chromatography (HPLC) and
gas chromatography (GC) have been used in the analysis of
these substances. In most instances, derivatization techniques
were necessary either to enhance the sensitivity and speci-
ficity of detection in HPLC or to enhance volatility in GC (1-6).

In a previously published paper (7), we discussed general
HPLC chromatographic conditions for the separation and iden-
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tification of several anabolic substances. However, no more
than six substances were separated in a single chromatographic
run as a result of the compromise between the versatility and
selectivity of HPLC and the restrictions imposed by ultraviolet
detection. In that study, it was necessary to program three dif-
ferent wavelengths during the run.

In recent years, supercritical fluid chromatography (SFC)
has been demonstrated to be an effective separation method for
nonvolatile and thermally labile compounds. In fact, capillary
SFC offers a great chromatographic versatility because of its
GC-like separation efficiency and HPLC-like mobile phase sol-
vent strength. It may be a viable alternative for drug analysis.

There are a limited number of capillary SFC applications to
steroid separation. Separation of simple mixtures has been
performed using a CO, mobile phase and a flame-ionization de-
tector (FID) (8). Derivatization with dimethylthiophosphine
chloride to produce steroidal thiophosphinic esters has been
adopted to exploit the selectivity and sensitivity of phosphorous
thermoionic detector (9), and on-line Fourier-transform in-
frared detection has been used with model mixtures of steroids
to gain structural information (10). Supercritical CO5 was the
mobile phase used in these cases. Freon 22 has also been used
as a supercritical extractant and a mobile phase to better sol-
ubilize the more polar species (11).

In this study, we analyzed several steroids (Figure 1) and one
nonsteroidal anabolic agent (diethylstilbestrol) with capillary
SFC using supercritical CO, as the mobile phase and flame-ion-
ization and electron-capture detectors.

The design of the study reflects a double purpose: to optimize
the separation and to try to define the underlying separation
mechanism. Hence we chose steroidal substances with corre-
lated structural properties (with the addition of a substance like
diethylstilbestrol, which has two aromatic rings and two free
hydroxy groups), and we used diverse stationary phases to
compare chromatographic results and to optimize resolution.

The application of capillary SFC to the analysis of these
compounds is advantageous for the following reasons (in ad-
dition to those already stated): (a) supercritical CO, is miscibile
with the solvents more frequently used for the extraction of
these compounds from real samples, (b) derivatization reac-
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tions are unnecessary, (c) a relatively low analysis temperature
and a universal detector (FID) are used, and (d) the procedure
can be applied to routine analysis because column conditioning
between runs is unnecessary.

Some of the substances had long retention times and were
poorly detected. Because such behavior may be attributable to
the slight solubility of the compounds in supercritical CO,,
more specific chromatographic conditions and a more sensitive
detection system (ECD), which exploited the presence of sev-
eral keto and free hydroxy groups, were used in an attempt to
improve the quality of the results.

Experimental

A Model SFC 3000 (Carlo Erba Strumentazione, Milan, Italy)
was used. It was equipped with a split injector, an FID, and an
ECD. SFC-grade carbon dioxide (SIAD, Milan, Italy) was used as
the mobile phase. Injection was accomplished via a pneumati-
cally actuated valve with an internal sample loop volume -of
1.0 pL. Split injection was used for all analyses (split ratio,
40:1). The following capillary columns were used: a bonded
polydimethylsiloxane column (10 m x 50-pm i.d., 0.25-pum film
thickness) (OV-1; Carlo Erba Strumentazione), a bonded
polyethyleneglycol (10 m x 50-pym i.d.,
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in Figure 2 were as follows: initial pressure, 10 MPa; ramp
time, 1.5 MPa/min; final pressure, 35 MPa; oven temperature,
180°C; detector, FID. The elution conditions for the separation
in Figure 3 were as follows: stationary phase, OV-1701; oven
temperature, 90°C; initial pressure, 10 MPa; ramp time, 0.5
MPa/min; final pressure, 35 MPa; detector, FID. The elution
conditions for the separation in Figure 4 were as follows:
stationary phase, OV-1701; oven temperature, 90°C; initial
pressure, 15 MPa; ramp time, 0.9 MPa/min; final pressure, 35
MPa; detector, ECD.

Results and Discussion

The SFC separation of steroidal compounds on a polar
packed column (silica) has been reported (13). In this study, it
was necessary to use a fraction of organic modifier in the
supercritical CO, to elute the solutes with reasonable retention
times and good peak profiles.

Irreversible retention or strong peak tailing are not sub-
stantial problems with the use of capillary columns with
medium polarity stationary phases like cyanopropylphenyl-
methylsilicone (OV-1701) or polyethyleneglycol (Carbowax).
In fact, on these types of stationary phases and on poly-
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Rochester, NY).

The following compounds were used: dex-
amethasone, 17-a-CHs-5-androsten-
3B,17B-diol, diethylstilbestrol, 19-nor-
testosterone, ethisterone, testosterone,
16-OH-progesterone, progesterone, 1-
dehydrotestosterone, trenbolone, corticos-
terone, cortisone-21-acetate, prednisolone,
and prednisolone-21-acetate. Stock solu-
tions of these standards were prepared in
methanol (200 ppm).
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The elution conditions for the separation
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Figure 1. Chemical structures of the substances studied: |, dexamethasone; II, 17-0-methyl-5-
androsten-3-B,17-B-diol; Ill, diethylstilbestrol; IV, 19-nortestosterone; V, ethisterone; VI, testosterone;
VII, progesterone; VIII, 16-hydroxyprogesterone; IX, 1-dehydrotestosterone; X, trenbolone; XI,
corticosterone; Xll, cortisone-21-acetate; XllI, prednisolone; XIV, prednisolone-21-acetate.
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methylsilicone, we achieved separations with satisfactory
peak profiles if the retention times were not excessively long
(Figure 2). Only pressure programming (which influenced the
solvent strength of mobile phase) and temperature (which
affected both the mobile phase strength and the separation
mechanism) were important in determining the quality of the
separation. On the other hand, any attempt to improve reso-
lution by tuning the flow rate of the mobile phase by means of
varied restrictor conditions was unsuccessful. This result was
not unexpected; the van Deemter equation is rigorously appli-
cable only in the absence of gradient elution conditions be-
cause of the overwhelming effect of mobile phase program-
ming on any separation. An analogous scale of importance of
experimental variables was found in a previous work (14).

Table I shows the retention times and density values at
elution of the various compounds for all the columns used. All
the substances eluted at pressure (or density) values that cor-
responded to the maximum value of the gradient program
(there were a few exceptions, as in the case of

A similar situation was found in a previous work that dealt
with the SFC separation of triacylglycerols in vegetable oils
(14).

Lower solubility may also affect the detection sensitivity. In
fact, more polar substances like cortisone acetate and corti-
costerone, when eluted within reasonable retention times, are
detected with poor sensitivity at the scale expansion typical of
detection of more apolar solutes (for example, Figure 2A) or are
not detected (Figure 2B). To obtain an acceptable detection of
these two steroids under the same chromatographic condi-
tions used for Figure 2B, it is necessary to use concentrations
on the order of 1500-2000 ppm (80 ppm is used in the sepa-
ration shown in Figure 2B). In one of his studies that dealt with
the solvation power of dense gases, Giddings (16) determined
parameters like threshold pressure, which is the lowest pres-
sure that yields a detectable signal. That work contained some
useful information about the solubility in supercritical CO, of
solutes that have a structure similar to those considered in this

the Carbowax column). There were some

coelution problems, but any attempt to ob-
tain a separation under isobaric conditions at
the highest density value (0.478 g/cc) failed.

The optimal temperature and pressure
gradient conditions for the three separa-
tions were identical, so to rationalize the
results obtained, we made the simplifying
assumption that the different chromato-
graphic behaviors of the compounds eluted
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However, according to the data in Table I,
there are several anomalies in the elution
orders that were expected on the basis of
the assumption that only solute-stationary
phase interactions prevail. For instance, cor-
ticosterone and cortisone-21-acetate are the
last substances to elute both on the apolar
OV-1 column and on the polar Carbowax
column.
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Volts (x102)

o

H
-]
%

\

L
1‘"{‘:,‘\_4 \l,‘l )

) h‘m .
e Wm’f‘?‘! ‘ka:nh‘(

selectivity of the stationary phases by using
the McReynolds constants (15) in an at-
tempt to find a correlation with the elution
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fact, identical mobile phase conditions- do
not necessarily imply that the chromato-
graphic differences depend only on the type
of stationary phase because mobile
phase—stationary phase interactions must
be taken into account in SFC.

In addition, the variation of solubility in
supercritical CO, of compounds that differ in
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the number of polar moieties (keto and hy-
droxy groups) present in their structures
may further complicate the chromatographic
behavior in an unpredictable manner.

Figure 2. Chromatographic separations of steroidal standard substances on three different stationary
phases: A, OV-1; B, OV-1701; C, Carbowax. Peak identification is given in Figure 1.
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study. In particular, hydrocortisone and cortisone were shown sensitivity, we used an OV-1701 column to separate a model
to exhibit poor migration properties at a CO5 pressure of mixture of steroidal substances with different sensitivities to
1300 atm and a temperature of 40°C; this is in agreement with FID detection (Figure 3). The components of the mixture in-
our findings relative to cortisone-21-acetate and corticosterone. cluded two compounds that eluted early with good sensitivity

To better elucidate the influence of solubility on detection (dexamethasone and ethisterone), two that eluted late with
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Figure 3. Chromatographic separation of six steroids on an OV-1701 stationary phase. Peaks
(retention times): 1, dexamethasone (30.67); 2, ethisterone (33.79); 3, prednisolone (35.17); 4, corti-
costerone (41.18); 5, cortisone acetate (45.88); and 6, prednisolone-21-acetate (49.82).
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Figure 4. Chromatographic separation with ECD detection on an OV-1701 stationary phase. Peaks
(retention times): 1, trenbolone (14.47); 2, corticosterone (20.09); 3, cortisone-21-acetate (23.33); 4,
prednisolone-21-acetate (25.90).
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low sensitivity (corticosterone and corti-
sone-21-acetate), and a pair not taken into
account before (prednisolone and pred-
nisolone-21-acetate, which were used to
evidentiate the effect of the substituent
group).

The difference in detection sensitivity
resulted from the effect of the presence of
more polar groups after ionization of
carbon atoms in the detection system and
the diminished solubility in the mobile
phase. Therefore, the solute concentration
was higher (150 ppm) and the separation
was performed at a temperature much
lower (90°C) than the values used in the
separation shown in Figure 2. This was
done chiefly to enhance the solvent ability
of the mobile phase and to improve detect-
ability. The pressure gradient also was
changed to achieve an optimized separa-
tion (see Experimental).

As seen in Figure 3, an increase in the
polarity of the compounds corresponded to
a diminution of sensitivity that is particu-
larly dramatic for prednisolone-21-acetate
(peak 6) with respect to prednisolone (peak
3) even if for the last ones the only differ-
ence is the presence of the acetate group
that does not imply a great difference in
polarity.

Although it was complex to provide a per-
suasive rationalization of the chromato-
graphic results, we tried to find experi-
mental conditions that improved the
determination of the substances that have
posed problems of separation and detec-
tion.

In Figure 4, an OV-1701 capillary column
was used to separate a model mixture of
trenbolone, corticosterone, cortisone-21-
acetate, and prednisolone-21-acetate, which
were the substances that eluted late and
were poorly detected under the previous
conditions. We used an ECD. As a result,
the separation conditions were changed be-
cause of the operative restrictions imposed
by such detector that shows a certain sensi-
tivity towards the eluent. In fact, the base-
line drifted with variations in density during
the chromatographic run. Under these new
conditions, any problems in the separation
and detection of the compounds were
resolved; in particular, the detection sensi-
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tivity was increased (by a factor of approximately 20 as com-
pared with FID). This increase can be seen in the mV scale
reported on the vertical axis. Obviously, there is a loss of gen-
erality of application of the procedure because the other
substances coeluted with the solvent peak under the condi-
tions used to obtain Figure 4. Therefore, two different sets of
conditions must be used to analyze all the substances in
Figure 1.

Screening conditions are possible for nine compounds even
if they have different sensitivity to FID. The reproducibility of

Table 1. Retention Times and Density Values for the
Mixture Constituents on the Columns Used
Retention Density

Compound time (min) - (g/ml)

OV-1701
Dexamethasone 21.97 0.478
17-0-Methyl-5-androsten-3f,17p-diol 26.33 0478
Diethylstilbestrol 28.35 0.478
19-Nortestosterone + ethisterone 28.94 0.478
Testosterone 29.26 0.478
Progesterone 29.85 0.478
16-OH-Progesterone 30.43 0.478
1-Dehydrotestosterone 30.82 0.478
Trenbolone 31.54 0.478
Corticosterone ND*
Cortisone-21-acetate ND

OV-1
Trenbolone 16.15 0.469
Diethylstilbestrol 17.30 0.478
19-Nortestosterone 18.52 0.478
17-0-Methyl-5-androsten-3f,17p-diol 18.93 0478
Testosterone 19.15 0.478
1-Dehydro-testosterone + ethisterone 19.34 0.478
16-OH-Progesterone 19.52 0.478
Progesterone 19.75 0.478
Corticosterone 22.75 0.478
Cortisone-21-acetate 23.00 0.478
Dexamethasone ND

Carbowax
Dexamethasone 8.01 0.307
17-0-Methyl-5-androsten-3p,17p-diol 12.51 0.402
Progesterone + 16-OH-nortestosterone 13.64 0.424
Testosterone + 19-nortestosterone 14.39 0.438
Ethisterone 14.99 0.449
1-Dehydro-testosterone 15.96 0.466
Trenbolone 20.76 0.478
Corticosterone 24.80 0.478
Cortisone-21-acetate 25.18 0.478

* ND = not determined.

retention times was within 1.0%, and the relative standard
deviation of the precision in area determination was +5.0%,
which assured the reliability of qualitative and quantitative
results. The limit of detection was 50 ppm.

For late eluting compounds, it was possible to obtain better
separation conditions with good resolution features and higher
detection sensitivity with the ECD system. The reproducibility
of qualitative and quantitative determinations was close to
those obtained under the other conditions. The detection limit
was obviously much better; it ranged from 1.0 to 5.0 ppm.

With this procedure, a good preconcentration technique is
needed for the trace analysis of such substances. However, in
the case of physiological fluids, preconcentration factors
cannot be high, so further improvements in sensitivity must be
obtained by adopting other strategies such as the use of more
polar supercritical fluids like Freon 22 or the use of a splitless
injection system. In the latter case, some instrumental modi-
fications and careful standardization of injection conditions are
necessary. Studies in such a direction are in progress in our
laboratory.

No definitive rationalization was possible for the chromato-
graphic behavior of the substances. In fact, it was clear that
simplified interpretation patterns are useless and that the
operative parameters affect the separation in a complex way. In
particular, the mobile phase solubility seemed to have impor-
tant and not easily predictable effects on the separation,
essentially because it has a limited range defined by the
supercritical fluid adopted. To our knowledge, an analogous
situation does not occur in HPLC because it is always possible
to choose a mobile phase composition that covers all the sol-
ubility properties of the solutes.

With regard to the detection system, ECD is not commonly
used in SFC separations, and we had to overcome some prob-
lems to exploit its features. To obtain a low background noise,
we used flow rates that were as low as possible, consistently
with reasonable elution times and relatively low pressure or
density ramps because the baseline drift was high. The use of
argon—-methane (5%) as the makeup gas was suitable.

References

1. G.M. Rodchenkov, A.N. Vedenin, V.P. Uralets, and K.A. Semenov
Characterization of prednisone, prednisolone and their metabo-
lites by gas chromatography-mass spectrometry. J. Chromatogr.
565: 45-51 (1991).

2. PH. Degen and W. Schneider. Determination of 4-hydrozyan-
drostenedione in plasma and urine by extractive alkylation and
electron-capture gas chromatography. J. Chromatogr. 565: 67-73
(1991).

3. F. Huber, M. Wiedmann, G. Heinrich, Z. Salama, and H. Joaege.
Development of a high-performance liquid chromatography
method for the simultaneous measurement of prednisone and
prednisolone. Arzneim. Forsch. 40: 926-31 (1990).

4. ). Martin-Juarez, A. Bermejo, J.L. Bernal, M.J. Del-Nozal, and
G.A. Garcia. Application of HPLC mobile phase optimization
methods to the detection of impurities in bulk drug steroids.
Chromatographia 29: 338-46 (1990).

5. AM. Olsson, L.C. Sander, and S.A. Wise. Comparison of the
liquid chromatographic behaviour of selected steroid isomers

403



404

using different reversed-phase materials and mobile phase com-
positions. J. Chromatogr. 537: 75-83 (1991).

G.R. Cannel, R.H. Mortimer, D.J. Maguire, and R.S. Addison.
Liquid chromatographic analysis of prednisolone, prednisone
and their 20-reduced metabolites in perfusion media. J. Chro-
matogr. 563: 341-83 (1991).

C. Baiocchi, P.L. Bertolo, C Nachtmann, and A. Rosso. High-
performance liquid-chromatographic screening method for the
presence of synthetic and natural anabolic (steroids) agents in
bovine urine samples. Ann. Chim. (Italy) 80: 27-33 (1990).

P.A. David and M. Novotny. Analysis of steroids by capillary
supercritical fluid chromatography with phosphorus-selective
detection. J. Chromatogr. 461: 111-20 (1989).

. S. Shah, M. Ashraf-Khorassani, and L.T. Taylor. Normal-phase

liquid- and supercritical fluid chromatographic separations of
steroids with Fourier-transform infrared spectrometric detection.
Chromatographia 27: 441-48 (1989).

. S.EY.Li, C.P.Ong, M.L. Lee, and H.K. Lee. Supercritical fluid ex-

traction and chromatography of steroids from freon-22 [chloro-
difluoromethane]. J. Chromatogr. 515: 515-20 (1990).

1.

12.

14.

15.

16.

Journal of Chromatographic Science, Vol. 34, September 1996

D.W. Later, B.E. Richter, D.E. Knowles, and M.R. Andersen.
Analysis of various classes of drugs by capillary supercritical fluid
chromatography. J. Chromatogr. Sci. 24: 249-53 (1986).

E.J. Guthrie and H.E. Schwartz. Integral pressure restrictor for
capillary SFC [supercritical fluid chromatographyl. J. Chromatogr.
Sci. 24: 236-41 (1986).

. T.A. Berry and D.F. Deye. Effects of column and mobile phase

polarity using steroids as probes in packed-column supercritical
fluid chromatography. J. Chromatogr. Sci. 29: 280-86 (1991).
C. Baiocchi, G. Saini, C. Cocito, D. Giacosa, M.A.Roggero,
E. Marengo, and M. Favale. Analysis of vegetable and fish oils by
capillary supercritical fluid chromatography with flame ionization
detection. Chromatographia 37: 9-10 (1993).

W.O. McReynolds. Characterization of some liquid phases.
J. Chromatogr. Sci. 8: 685-91 (1970).

J.C. Giddings, M.N. Myers, and J.W. King. Dense gas chro-
matography at pressures to 2000 atmospheres. J. Chromatogr.
Sci. 7: 276-83 1969).

Manuscript accepted March 12, 1996





