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Abstract

Capillary electrophoresis of the sex hormone estrogens using different buffer components was investigated. Free
zone clectrophoresis with 10 mM phosphate buffer (pH 11.5) or 10 mM phosphate buffer with 10-20% methanol
was not effective in separating the ten estrogens used in this study. However, nine estrogens were resolved by
micellar electrokinetic chromatography using a 10 mM borate buffer (pH 9.2) containing 100 mM sodium cholate.
In addition, some estrogens were partially separated using sodium dodecy] sulfate (SDS) micellar buffers; however,
the addition of modifiers such as organic solvents or cyclodextrins improved resolutions significantly. Using a 10
mM phosphate buffer (pH 7.0) containing 50 mM SDS and 20% methanol, or a 10 mM borate buffer (pH 9.2)
containing 50 mM SDS and 20 mM y-cyclodextrin, all ten of the tested estrogens were separated. However, the

cyclodextrin-modified buffer allowed faster separation.

1. Introduction

Estrogens are steroidal sex hormones formed
from the precursors androstenedione and testos-
terone [1]. The most potent naturally occurring
estrogen is 178-estradiol, which is interconvert-
able to the less potent compound, estrone. Both
of these estrogens can also be metabolized to
estriol, which also has limited estrogenic activity.
All of these transformations take place mainly in
the liver. Estrogen determinations are widely
used to monitor pregnancy [2], osteoporosis [3].
breast cancer [4] and uterine corpus cancer [5].
Radioimmunoassay [6] or enzyme immunoassay
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[7] have been used for the sensitive detection of
estrogens. Also, chromatographic methods allow
simultaneous determinations of various es-
trogens. High-performance liquid chromatog-
raphy (HPLC) with UV absorption [8-11], fluo-
rescence [12] or electrochemical detection
[13,14], gas chromatography or gas chromatog-
raphy-mass spectrometry [15-17] and supercriti-
cal fluid chromatography have been used for the
analyses of estrogens [18]. Estrogens prelabeled
with a  2-(4-carboxyphenyl)-5,6-dimethylben-
zimidazole have also been separated by HPLC
followed by fluorescence detection [19]. In addi-
tion, post-column chemiluminescence detection
of estrogen derivatized with dansyl chloride was
also demonstrated [20].
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Due to its high resolution, rapid separation,
low mass detectability, and easy operation, capil-
lary electrophoresis (CE) has recently emerged
as a very attractive separation tool complemen-
tary to HPLC [21]. Capillary zone electropho-
resis (CZE) has been used exclusively for the
separations of charged compounds. Another
mode of CE, micellar electrokinetic chromatog-
raphy (MEKC), is widely used for the separation
of non-polar molecules [22]. This technique uses
buffers containing organic micelles to separate
analytes based on their differential partitions
between the aqueous and the micellar phases.

Separations of steroidal compounds using
MEKC have been demonstrated. For example,
MEKC using sodium dodecyl sulfate (SDS)
micelles was applied to the separation of the
insect and plant hormones, ecdysteroids [23]. In
addition, MEKC or MEKC modified with urea
or cyclodextrins (CDs) were applied to the
separations of corticosteroids [24-27]. MEKC of
corticosteroids using mixed micelles was also
shown [28]. Recently, separation of three es-
trogens by CZE using aqueous or aqueous—
methanolic buffers was reported [29]. In this
study, separations of estrogens under different
MEKC conditions were investigated.

2. Experimental
2.1. Chemicals

Estrogen standards were obtained from
Steraloids (Wilton, NH, USA). Stock estrogen
solutions were prepared in methanol and stored
at —20°C when not in use. CDs were obtained
from Advanced Separation Technologies (Whip-
pany, NJ, USA). SDS, sodium cholate, sodium
deoxycholate and other reagent-grade chemicals
were obtained from Sigma (St. Louis, MO,
USA) or Fisher (Fairlawn, NJ, USA). All buf-
fers were filtered with a 0.2-um membrane filter
before use.

2.2. Apparatus

A Beckman P/ACE 2050 CE system was used.
Separations were performed at 20°C and + 17

kV with 47 cm x 50 pm fused-silica capillaries
(Polymicro Technologies, Phoenix, AZ, USA).
Injection samples were prepared by diluting the
estrogen stock solutions in either 50 mM of SDS,
sodium cholate or sodium deoxycholate. Samples
were introduced into a capillary by applying
pressure (0.5 p.s.i.; 1 p.s.i. = 6894.76 Pa) for 2 s.
The capillaries were flushed with the electro-
phoretic buffers for 2 min between runs. Peaks
were detected by UV absorption at 200 nm.

3. Results and discussion

The most potent estrogen in humans is 178-
estradiol, followed by estrone and estriol. Each
of these molecules contain a 17-carbon nucleus
(steroid) with a methyl group at C-13, and an
aromatic ring with a hydroxyl group at C-3 (Fig.
1). The derivatives are designated by the pres-
ence of a ketone (estrone) or hydroxyl (estradiol)
group at C-17 and frequently at C-16 (16-keto-
17B-estradiol, estriol). Estrogens are negatively
charged at alkaline solution due to the ionization
of the phenolic hydroxyl group. CZE has been
used to separate 17B-estradiol, estrone and es-
triol [29]; but it was not adequate in resolving
the ten estrogens used in our study (Fig. 2a)
because these estrogens have similar electropho-
retic mobilities. Although the addition of organic
solvents to running buffers is a common method
for enhancing separations by lowering electro-
osmotic flow and increasing solvation of solutes
[28-30], separation of most estrogens was still
unsuccessful using buffers containing 10-20%
methanol (Fig. 2b and c).

MEKUC of estrogens using bile salts as micelles
was investigated. Using a 10 mM borate buffer
(pH 9.2) containing 100 mM deoxycholate, par-
tial separation of the estrogens was possible (Fig.
3a), while nine estrogens were separated using
100 mM sodium cholate (Fig. 3b). 4-Hydroxy-
estrone and 2-hydroxyestradiol were not re-
solved using the indicated running conditions.
MEKC of estrogens using SDS micelles was also
investigated. In contrast to the bile salts, SDS
micelles strongly retain the estrogens, resulting
in poor separation (Fig. 4a). Organic modifiers
are often used in MEKC to decrease the af-
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Fig. 1. Chemical structures of ten estrogens.

finities of hydrophobic solutes for the micellar
phase. In addition, organic solvents reduce elec-
troosmotic flow and subsequently expand the
migration window [31-34]. As a result, resolu-
tion of highly hydrophobic compounds in MEKC
is enhanced. Addition of 15% acetonitrile to the
SDS buffer allows for the separations of all
estrogens, except 4-hydroxyestrone and 4-hy-
droxyestradiol (Fig. 4b), while all ten estrogens
were separated with 20% methanol (Fig. 4c).
SDS micellar buffers modified with CDs have
been used to separate the highly hydrophobic
compounds, corticosteroids [25-27], which share
the steroidal nucleus of estrogens. CD reduces
the capacity factors for the micellar phase by
forming inclusion complexes with corticoste-
roids. The separations are based on the differen-
tial partitions of the solutes among the aqueous
phase, CD, and SDS micelles. Compared to
corticosteroids, estrogens are more hydrophilic

because of the presence of phenolic hydroxyl
groups. Nevertheless, CD also plays an impor-
tant role in the MEKC of estrogens, as shown in
Fig. 5a-c. Most of the ten estrogens were
baseline separated with a 10 mM borate buffer
(pH 9.2) containing 50 mM SDS and 20 mM
B-CD, while the addition of 20 mM y-CD in the
SDS buffer allowed for the complete separation
of the ten estrogens. The pair consisting of 2-
methoxyestradiol and 2-methoxyestrone, which
were partially resolved with the B-CD, were
baseline separated with the y-CD-modified buf-
fer. This is because the larger size of the
methoxy derivatives require a CD with a larger
cavity (i.e., y-CD) for more effective interac-
tion. The migration orders of most estrogens
were similar in either CD-modified buffers, ex-
cept that the peaks of 16a-hydroxyestrone and
16-keto-178-estradiol were reversed. MEKC
modified with «-CD was also attempted, but
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Fig. 2. CZE of ten estrogens. Buffers: 10 mM sodium
phosphate (pH 11.5) containing (a) 0%, (b) 10% and (c)
20% of methanol; capillary: 47 cm x 50 pm; voltage: 17 kV;
pressure injection: 2s; detection: absorption at 200 nm. Peak
numbers correspond to Fig. 1.

separation of the estrogens was not successful
(data not shown). This is because the estrogens
did not form inclusion complexes with a-CD
because its cavity is small compared to those of
the B- and y-CDs.
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Fig. 3. MEKC of ten estrogens using bile salts. Buffers: 10
mM sodium borate (pH 9.2) containing (a) 100 mM sodium
deoxycholate, and (b) 100 mM sodium cholate; capillary: 47
cm X 50 pm; voltage: 17 kV; pressure injection: 2 s; detec-
tion: absorption at 200 nm. Peak numbers correspond to Fig.
L.

4. Conclusions

MEKC is a useful method for separating
estrogens. With a 10 mM borate buffer (pH 9.2)
containing 100 mM sodium cholate, nine of the
ten tested estrogens were resolved. Buffers con-
taining only SDS micelles allowed for partial
separation of the estrogens. However, the addi-
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Fig. 4. Effects of organic solvents on MEKC of ten es-
trogens. Buffers: 10 mM sodium phosphate (pH 7.0) con-
taining 50 mM SDS and (a) no organic solvent, (b) 15%
acetonitrile and (c) 20% methanol: capillary: 47 cm % 50 wm:
voltage: 20 kV; pressure injection: 2 s; detection: absorption
at 200 nm. Peak numbers correspond to Fig. 1.
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Fig. 5. Effects of cyclodextrins on MEKC of ten estrogens.
Buffers: 10 mM sodium borate (pH 9.2) containing 50 mM
SDS and (a) no CD, (b) 20 mM B-CD and (c) 20 mM y-C;
capillary: 47 cm X 50 um; voltage: 17 kV; pressure injection:
2 si detection: absorption at 200 nm. Peak numbers corre-
spond to Fig. 1.
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tion of modifiers to the SDS buffers, such as
organic solvents or CDs, greatly improved the
separations. Using either a 10 mM phosphate
buffer (pH 7.0) containing 50 mM SDS and 20%
methanol, or a 10 mM borate buffer (pH 9.2)
containing 50 mM SDS and 20 mM y-CD, all ten
of the tested estrogens were separated. How-
ever, the CD-modified buffer is more desirable
because it allows for a faster analysis time (ca. 10
min vs. 25 min). With UV absorption, the detec-
tion limits for the tested estrogens were ca. 2
wg/ml. An application of the described MEKC
methods is the determination of estrogens in
pharmaceutical dosage forms. For the determi-
nation of estrogens in biological samples, an
extraction/concentration step or a more sensitive
detection technique than absorption is needed
and these are currently studied in our laboratory.

Acknowledgements

The content of this publication does not neces-
sarily reflect the views or policies of the Depart-
ment of Health and Human Services, nor does
mention of trade names, commercial products,
or organization imply endorsement by the US
Government.

References

[1} C.A. Burtis and E.R. Ashwood (Editors). Tierz Text-

book of Clinical Chemistry, W.B. Saunders, Philadelphia.

PA, 2nd ed., 1994, p. 1857.

{2] J. Ishida, M. Kai and Y. Ohkura, J. Chromatogr.. 431
(1988) 249.

[3] T. Cundy, M. Evans, H. Roberts, D. Wattic, R. Ames
and I.R. Reid, Br. Med. J., 303 (1991) 13.

[4] J.L. Kelsey and M.D. Gammon, Epidemiol. Rev.. 12
(1990) 228.

{3] K. lida, A. Imai and T. Tamava. Gen. Pharmacol.. 22
(1991) 491.

[6] N. DeChene, B. McNamara and S. Breglio. (lin.
Chem.., 38 (1992) 951.

{7] J.LE.R. Robertson, D. Pearson, M.R. Price., C. Selby,
R.W. Blamey and A. Howell, Br. J. Cancer, 64 (1991)
757.

|8] K. Shimada, H. Kaji and K. Kuwabara, J. Chromatogr.
Sei., 31 (1993) 363.

[9] L.A. Castagnetta, O.M. Granata, M.L. Casto. M.
Calabro, F. Arcuri and G. Carruba. J. Chromatogr..
572 (1991} 25.

[10] R.W. Townsend, V. Keuth, K. Embil, G. Mullersman,
J.H. Perrin and H. Derendorf, J. Chromatogr., 450
(1988) 414.

[11] P.E. Lonning, P. Skulstad, A. Sunde and T. Thorsen, J.
Steroid Biochem., 32 (1989) 91.

[12] H. Lamparczyk, P.K. Zarzycki, J. Nowakowska and
R.J. Ochocka, Chromatographia, 38 (1994) 168.

[13] §. Noma, N. Hayashi and K. Sekiba, J. Chromatogr.,
568 (1991) 35.

[14] L. Castagnetta, O.M. Granata, G. Brignone, L. Blasi,
F. Arcuri, M. Mesiti, A. D’Aquino and W. Preitano,
Ann. N.Y. Acad. Sci., 586 (1990) 121.

[15] E. Vanluchene, D. Vandekerckhove, J. Jonckheere and
A. De Leenheer, J. Chromatogr., 279 (1983) 573.

[16] D.C. Spink, D.W. Lincoln II, H.W. Dickerman and J.F.
Gierthy, Proc. Natl. Acad. Sci. U.S.A., 87 (1990) 6917.

[17] V. Vermoesen, J. Vercammen, C. Sanders, D. Courtheyn
and H.F. De Brabander, J. Chromatogr., 564 (1991)
385S.

(18] N.K. Jagota and J.T. Stewart, J. Pharm. Biomed.
Anal., 10 (1992) 667.

[19] M. Katayama and H. Taniguchi, J. Chromatogr., 616
(1993) 317.

[20] O. Nozaki, Y. Ohba and K. Imai, Anal. Chim. Acta,
205 (1988) 255.

[21] C.A. Monnig and R.T. Kennedy, Anal. Chem., 66
(1994) 280R.

[22] S. Terabe, K. Otsuka, K. Ichikawa, A. Tsuchiya and T.
Ando, Anal. Chem., 56 (1984) 111.

[23] P. Davis, R. Lafon, T. Large, E.D. Morgan and 1.D.
Wilson, Chromatographia, 37 (1993) 37.

[24] H. Nishi, T. Fukuyama, M. Matsuo and S. Terabe, J.
Chromatogr., 513 (1990) 279.

[25] H. Nishi and M. Matsuo, J. Lig. Chromatogr., 14
(1991) 973.

[26] S. Terabe, Y. Miyashita, Y. Ishihama and O. Shibata, J.
Chromatogr., 636 (1993) 47.

[27] J. Bumgarner and M. Khaledi, presented at the 6th
International Symposium on High Performance Capillary
Electrophoresis, San Diego, CA, 31 January—-3 February
1994, poster 615.

[28] K. Potter, R.J.B. Allington and J. Algaier, J. Chroma-
togr. A, 652 (1993) 427.

[29] C. Schwer and E. Kenndler, Anal. Chem., 63 (1991)
1801.

[30] Y. Walbroehl and J.W. Jorgenson, Anal. Chem., 58
(1986) 479.

[31] A.T. Balechunas and M.J. Sepaniak, Anal. Chem., 59
(1987)1466.

[32] R.D. Holland and M.J. Sepaniak, Anal. Chem., 65
(1993) 1140.

[33) T. Yashima, A. Tsuchiya, O. Morita and S. Terabe,
Anal. Chem.. 64 (1992) 2981.

[34] R.O. Cole and M.J. Sepaniak, LC- GC, 10 (1992) 380.



