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A  reliable,  convenient,  and  sensitive  on-line  sweeping-MEKC  sample  concentration  technique  has  been
applied  for  the  simultaneous  separation  of  six steroids  including  two  pairs  of epimer  with  10  mM  phos-
phate  buffer  (pH  7.0)  that contains  80 mM  sodium  dodecyl  sulfate  (SDS),  14  mM  �-cyclodextrin  (�-CD),
and  4%  (v/v)  methanol.  The  column  length  was 105  cm  (effective  length,  90 cm).  Samples  were  hydro-
statically  injected  for  600  s.  The  separation  was  performed  at  ambient  temperature  under  an  applied
voltage  of  25  kV.  The  external  standard  calibration  curves  of  the  six  steroidal  hormones  proved  good  lin-
earity (r2 =  0.9785–0.9941)  within  the  concentration  range  0.025–1.0  �g mL−1. The  limit  of  detections  of
strogen
pimer
n-line sweeping-MEKC
accharomyces cerevisiae
tereoselective reduction

the  on-line  sweeping-MEKC  with  the  ultraviolet  detector  at 220  nm  for  estrone,  �-estradiol,  �-estradiol,
androstenedione,  epitestosterone,  and  testosterone  were  10,  24, 28,  53, 73,  and  11  ng mL−1 and  were
240,  125,  93,  47,  32,  and  200  times  more  sensitive  than  MEKC,  respectively.  The  Saccharomyces  cerevisiae
mediated  simultaneous  stereoselective  reduction  of estrone  and  androstenedione  exhibited  a 100%  stere-
oselectivity  toward  �-estradiol  and  testosterone.  The  accuracy  and  precision  achieved  for  the  spiking
experiments  of  the  sweeping-MEKC  were  95–98%  and  less  than  3.8%  (RSD),  respectively.
. Introduction

Endocrine hormones produced in the body control growth,
etabolism, reproduction, and many other functions of body and
ind. Estrone and estradiol are called estrogen and are two impor-

ant female sex hormones that control female sexual functions,
uch as the menstrual cycle, the development of breasts, and other
econdary sexual characteristics. Testosterone is a male sex hor-
one called androgen and is responsible for the development of sex

rgans and for the secondary sexual characteristics. Both estrogens
nd androgens belong to steroid hormones. Recently, estrogens
ave been used for the disease treatment such as breast cancer
1–3] and androgens have been used for anti-bone loss [4] and taken
y athletes to strengthen their body [5].  Thus they are important in
he applications of pharmaceutical industry and medical diagnoses.

Many analytical methods have been developed for the determi-

ation of estrogens and androgens such as immunoassay [6,7], gas
hromatography–mass spectrometry (GC–MS) [5,8,9],  and high-
erformance liquid chromatography–mass spectrometry (LC–MS)
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[10–12].  The method of micellar electrokinetic chromatography
(MEKC) [13], combining the electrophoretic and chromatographic
properties of separation, uses micelles in solution as carriers for
separation of compounds in a capillary tube under an applied
electric field. The MEKC extends the capillary electrophoresis (CE)
separation for neutral analytes and has the advantages of using
small sample and simple instrumentation.

The micelles formation in MEKC is an anionic surfactant and the
most commonly used one was sodium dodecyl sulfate (SDS). The
pseudostationary phases of SDS [14,15] are only apparent due to
the stability of the micelles. However, SDS does not have the ability
to distinguish stereoisomer. In order to separate the stereoisomer
(or epimer) of estrogens or androgens, some stereoisomer selec-
tors must be added to the electrolyte to increase the selectivity for
stereoisomer and �-, �-, and �-cyclodextrin of different molecular
sizes was the most often used stereo-selector via the formation of
inclusion complexes by the host-guest mechanism [16–18].

However, the low sensitivity of UV detection caused by the
small injection volume and narrow optical path length should also
be overcome to make it suitable for trace estrogen and andro-

gen stereoisomers analysis. Since estrogens and androgens lack
native fluorescent property, a derivation procedure is necessary
before fluorescence detection [19–21],  and this inconvenience
makes the fluorescence detection less widely used than the UV
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etection. Although many CE–MS methods [22,23] have been
apidly developed and employed to increase the detection sen-
itivity, they subject the problems of expensive instrumentation
nd questionable separation for stereoisomer. Therefore, several
ajor on-line sample preconcentration techniques [24] have been

evised, such as dynamic pH-junction, transient isotachophoresis,
lectric field-enhanced sample stacking, and sweeping. Among the
our techniques, sample stacking and sweeping [25,26] are suitable
or concentrating neutral compounds for MEKC. Except for cases
hat the sample contains both neutral and ionic analytes, sweeping
s superior to stacking in MEKC in terms of simple and convenient
ecause it only relies on how the pseudostationary phase enters
he sample solution zone (nonmicelle buffer) and sweeps (pick and
ccumulation) the analytes.

The aim of this paper is to develop an on-line sweeping sam-
le concentration technique coupled MEKC for the simultaneous
eparation of estrogens and androgens including the epimers,
�- and �-estradiol” and “epitestosterone and testosterone,”
ith the stereo-selector �-cyclodextrin. This technique was

urther applied to the trace analysis of yeast Saccharomyces cere-
isiae catalyzed stereo-selective reduction culture of estrone and
ndrostenedione.

. Materials and methods

.1. Chemicals

Reagent grade KH2PO4, K2HPO4, (NH4)2SO4, MgSO4·7H2O,
aCl2·2H2O, d-(+)-glucose, and methanol of LC grade were all
btained from Merck (Darmstadt, Germany). Reagent grade
eSO4 was bought from Wako Pure Chemical Industries Ltd.
Osaka, Japan). Reagent grade estrone (C18H22O2, MW 270.4),
-estradiol (C18H24O2, MW 272.4), �-estradiol (C18H24O2, MW
72.4), androstenedione (C19H26O2, MW 286.4), epitestosterone
17�-hydroxy-4-androsten-3-one, C19H28O2, MW 288.4), and
estosterone (17�-hydroxy-4-androsten-3-one, C19H28O2, MW
88.4) were purchased from Tokyo Chemical Industry Co. (Tokyo,
apan). Reagent grade Na2HPO4 and NaH2PO4 and �-cyclodextrin
�-CD, 98%) were bought from Sigma (St. Louis, MO,  USA). Reagent
rade NaOH, sodium dodecyl sulfate (SDS), and anhydrous MgSO4
ere supplied by Showa (Tokyo, Japan). HCl (37%) was the product

f Riedel-deHaën (St. Louis, MO,  USA). Reagent grade ethylacetate
as got from Pharmco (Brookfield, USA). Freeze dried S. cerevisiae
CRC 21443 was bought from the Culture Collection Research Cen-
er of Food Industry Research and Development Institute (Hsinchu,
aiwan). High purity water (18.2 M�)  was purified from tap water
hich was distilled once and further treated with EASYpure® II
F/UV ultrapure water system (Barnstead International, Dubuque,

A, USA).

.2. Instruments and equipment

The CE system of gravity manual injection was  equipped with
 high voltage power supply of 30 kV maximum output volt-
ge (Gamma  High Voltage Research, Inc., RR30-2R, Florida, USA)
nd an ultraviolet (UV) detector (Rainin, Dynamax, UV-C, Michi-
an, USA) at a wavelength 220 nm.  The wavelength selected
as the intermediate value of the two maximum absorption
avelengths, 210 nm and 240 nm,  for estrogen and androgen,

espectively. The signal processing and data acquisition and pro-
essing were achieved by a PC through a multichannel interface

Agilent Interface 35900E, Waldbronn, Germany) and Agilent
hemStation software. Uncoated fused-silica capillaries (50 �m

.d. × 365 �m o.d. × 105 cm length with 90 cm effective length)
ere purchased from Polymicro Technologies, Inc. (Phoenix, AZ,
d Biomedical Analysis 56 (2011) 728– 735 729

USA). The whole CE instrument without any specific tempera-
ture control system was located in an air-conditioned laboratory
which was  usually controlled at 25 ◦C in the summer but the
separation of steroids was under ambient temperature in the
winter.

Prior to the first use of the capillary, the capillary must be con-
ditioned to keep it in an optimum state which is treated with
the following procedures: (1) flush with methanol for 20 min, (2)
flush with 1.0 M HCl for 20 min, (3) flush with purified water
for 4 min, (4) flush with 1.0 M NaOH for 20 min, (5) flush with
purified water for 4 min, and (6) flush with background solution
for 20 min. Then, during the sample analysis with either MEKC
or sweeping-MEKC, the capillary is conditioned by the following
sequence before sample loading and injection to ensure run-to-run
reproducibility: (1) flush with 1.0 M NaOH for 5 min, (2) flush with
purified water for 7 min, and (3) flush with background solution for
10 min.

2.3. The optimal conditions of MEKC analysis

The electrolyte of 1 mL  5 mM phosphate buffer (pH 7.0), 0.2883 g
(50 mM)  anionic surfactant SDS, 2% (v/v) methanol, and 18.6 mL
deionized distilled water was  used for the initial MEKC separation
of the six standard steroids (100 ppm each) at an applied voltage of
20 kV [27]. The manual sampling time was 3 s and the separation
temperature was  under 25 ◦C. The UV detection wavelength was
set 220 nm. However, the borate buffer (11, 17.5, 35 mM)  has been
surveyed by these separation conditions for its suitability for the
separation of the six steroidal hormones.

At pH 7.0, four different phosphate buffer concentrations, 10, 15,
20, and 40 mM,  have been tested to investigate their effect on the
extent of peak tailing. Since no signal was detected for the buffer
concentration below 10 mM,  the buffer concentration of 10 mM
was  the lowest investigation concentration. In addition, the pH of
phosphate buffer at 9.0 and 10.0 and with different buffer concen-
tration has also been tested and the results have been compared
with that at pH 7.0 to see the effect on analysis time and separation
efficiency.

Twenty millimolar (0.5524 g) of the stereoisomer selector �-CD
was  first added to the above buffer solution to check the separation
efficiency of �-CD for the six steroids, then the optimal concentra-
tion of the �-CD was tested for the concentration of 9, 10, 11, and
12 mM under the same operation conditions as above.

Since the addition of an organic modifier not only affects
the quantity of electroosmotic flow (EOF) but also decreases the
hydrophobic interaction between the analyte and micelle. In this
study, methanol or acetonitrile has been used for the organic mod-
ifier. However, acetonitrile dissolves the outer polymer protective
coat to make the inner capillary fragile and easily broken. Since
methanol does not have this capability, methanol was  chosen as
the organic modifier. The separation effect of methanol for the
six steroids was studied by using four kinds of methanol volume
proportion in BGS (4%, 6%, 8%, or 10%). Since the six steroids will
separate from the solution and block the capillary at 2% volume
proportion of methanol in BGS by the very low water solubility of
the steroids, 4% methanol volume proportion in BGS was  the lowest
concentration for testing.

During the electro-migration, the steroids distribute themselves
between the buffer solution and the SDS micelles. Therefore, the
concentration of SDS used for the separation is utmost important.
The SDS concentration of 30, 35, 40 and 50 mM was  tested for their
effect on separation.
Since the applied separation voltage affects the separation time
and the electric dispersion (the peak tailing), five kinds of applied
separation voltage viz.  15, 17.5, 20, 22.5 and 25 kV were tested for
the two effects.
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.4. Preparation of buffer solution

Phosphate buffer (100 mM)  solution (pH 7.0) was prepared by
issolving 0.70 g NaH2PO4 and 0.60 g Na2HPO4 in 100 mL  purified
ater and the pH of the buffer was monitored by a pH meter during

he preparation. The background solution (BGS) was prepared by
issolving a suitable amount of SDS and �-CD in 0.8 mL  methanol
o bring them to the desired concentration, then incorporating this
DS/�-CD mixture into 2 mL  phosphate buffer (pH 7.0), and finally
dding 17.2 mL  purified water to make a 20 mL  10 mM phosphate
uffer. This BGS was ultrasonically treated for 30 min  and rested
or 60 min  to wait for the disappearance of bubbles.

.5. Simultaneous separation of the estrogen and androgen by
EKC and sweeping-MEKC

For MEKC analysis, the estrogen and androgen standards were
eighed separately and dissolved in methanol to obtain the desired

oncentration. After the capillary was conditioned as described pre-
iously, the sample vial was raised to a height of 30.0 cm relative to
he exit of the capillary to hydrostatically inject the sample for 3 s.
he capillary inlet was then quickly put in the BGS, and the MEKC
nalysis was triggered by an applied voltage. The separation was
rogressed at ambient temperature.

For sweeping-MEKC analysis, the estrogen and androgen stan-
ards were weighed separately and dissolved in 1 mL  methanol,

 mL  phosphate buffer (10 mM,  pH 7.0), and 17 mL  water to
btain the desired concentration. The sample injection procedure
s the same as described in MEKC except that the sample was
ydrostatically inject for 600 s. The difference between MEKC and
weeping-MEKC procedure is that test analytes in sweeping-MEKC
re prepared in a matrix of lower buffer concentration than that
f BGS but devoid of SDS and �-CD. Therefore, after injection and
eparation-voltage applying, test analytes in the sample zone in
etween the two BGS zones of lower conductivity move quickly to
he interface where test analytes can be picked-and-accumulated
swept) by the reversed-migration anionic SDS.

.6. Yeast mediated stereoselective reduction of estrone and
ndrostenedione

Yeast S. cerevisiae grown and stored on agar slant was
urther inoculated and grown in 100 mL  growth medium
1.5 g KH2PO4, 2.9 g K2HPO4, 1.3 g (NH4)2SO4, 1.8 g MgSO4·7H2O,
.0175 g CaCl2·2H2O, 0.1 mL  (1.25%, w/v) FeSO4, 20.0 g d(+)-glucose

n 1.0 L water) for mass production. The incubation was carried out
t 30 ◦C with a shaking rate of 150 rpm for 2 days. The 100 mL  grown
ell culture was transferred to the 3 L fermentor (Biotop, BTF-A3L,
aichung, Taiwan) that contained 0.9 L of the same growth medium
or further cell growth. The cell culture was agitated at a stirring rate
f 150 rpm accompanied with air bubbling through at a flow rate
f 1 L min−1. The temperature was controlled at 30 ◦C and the pH
f the culture was controlled at 7.0 with a pH controller. The cell
rowth period was 2 days. Then, 1 mg  estrone and 1 mg  androstene-
ione dissolved in 10.0 mL  absolute ethanol were directly added

nto the grown cell culture. The reaction was then performed at pH
.0, a temperature of 30 ◦C, a stirring rate at 150 rpm, but without
ubbling air through the system for 5 days. The scheme for yeast
ediated simultaneous reduction of estrone and androstenedione

o produce their corresponding �- and �-estradiol and testosterone
nd epitestosterone is shown in Fig. 1.
.7. Pretreatment of cell culture

As the reaction was stopped, 20 mL  cell culture was extracted
y ethylacetate. The extract was dried with anhydrous MgSO4 and
d Biomedical Analysis 56 (2011) 728– 735

further treated with vacuum evaporization to complete dryness.
Afterwards, 1 mL  methanol, 2 mL  phosphate buffer (10 mM,  pH 7.0),
and 17 mL  water were used to dissolve the completely dried extract.
Then, the extracted cell cultures were loaded and analyzed by
sweeping-MEKC according to the procedure described in previous
section.

2.8. Quantitative analysis

The quantitative method for the simultaneous analysis of
the six steroidal hormones in the cell culture with MEKC and
sweeping-MEKC was the external standard calibration method.
The linear concentration range of the six analytes used for the
standard calibration curve was  0.8–100.0 �g mL−1 for MEKC and
0.025–1.0 �g mL−1 for sweeping-MEKC. The slope and the y-
intercept of the best linear calibration curve were found by the
least-square regression method with Excel software.

Since the limit of detection (LOD) of an analyte in instrumen-
tal analysis is defined as the three times of the ratio of the signal
(S) to its noise (N) at its lowest concentration (LOD = 3S/N), one
of the methods for obtaining the LOD is the use of the standard
calibration curve constituted from the five lowest standard concen-
trations including the background solution (0 �g mL−1) [28]. The
limit of quantification (LOQ) for a specific analyte by a detector is,
therefore, calculated at a higher level of quantitative reliability by
LOQ = 10 × LOD/3.

The precision of the measurement for the analysis was  esti-
mated from the relative standard deviation (RSD) of the determined
concentration with five repeated measurements of the cell culture.
The analysis accuracy was estimated by the percentage recovered
of the spike experiment that a certain amount of the standard was
added to the cell culture. The percentage of recovery was  calculated
by comparing the recovered amount of standard with the spiked
amount of standard.

3. Results and discussion

3.1. The optimal conditions of MEKC analysis

The separation time for six steroids with the use of borate buffer
(pH 9.2) at 11, 17.5, and 35 mM are all longer than those with 10 mM
phosphate buffer (pH 7.0). In addition, the separation between �-
estradiol and estrone is poor and there are peak tailing for the six
peaks with the borate buffer.

To see the effect of phosphate buffer concentration (10, 15, 20,
40 mM)  on separation efficiency at pH 7.0, we  found there was no
improvement of the peak tailing at higher buffer concentration; in
the meantime a prolonged analysis time was  observed. At lower
buffer concentration, only a small extent of improvement for peak
tailing was  found. However, if the buffer concentration was  too
low, the current produced will be too low to be used for analysis.
Because no signal was detected for the buffer concentration below
10 mM,  the buffer concentration of 10 mM was used as the optimal
buffer concentration.

At pH 10.0, the separation of the six steroids was  not ideal for
phosphate buffer concentration at either 10 mM or 35 mM as com-
pared with 10 mM phosphate buffer at pH 7.0. At pH 9.0, varying
the buffer concentration (11, 17.5, 35 mM)  and the applied voltage
(15, 17.5, 20 kV), respectively, the results of separation for the six
steroids show that the best separation exists for 17.5 mM  buffer

concentration and an applied voltage of 17.5 kV. However, the res-
olution between �-estradiol and estrone is poor and there are peak
tailings for all six peaks as compared with the phosphate buffer at
pH 7.0. Therefore, the optimal buffer pH is 7.0.
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Fig. 1. The reaction scheme of S. cerevisiae mediated simulta

Without the stereoisomer selector �-CD, the separation for the
ix steroids was inefficient, particularly, for the two pairs of epimer
�- and �-estradiol and epitestosterone and testosterone), due to
he similarity in molecular structure, stereo-structure, and molec-
lar size. The similarity of the six steroids makes them possess
imilar affinity with the SDS molecule. The results showed that
0 mM  �-CD produced the best resolutions for the six steroids,
herefore, the �-CD concentration of 10 mM was used for the rest
f the MEKC analyses.

The results of the separation effect of the organic modifier
ethanol for the six steroids show that the separation time of the

ix steroid standards increases with an increase of the volume pro-
ortion of methanol in the BGS. The cause should be due to the
uppression of EOF by methanol. Besides, the decrease of buffer vis-

osity by an increase of methanol proportion in BGS causes more
erious peak tailing (electric dispersion). Thus, 4% methanol volume
roportion in BGS was selected as the optimal value.

ig. 2. Electropherogram of MEKC for the six steroidal hormones. Micelle solution: 2 mL  10
nd  17.2 mL  deionized distilled water. Column length: 105 cm (effective length, 90 cm)
njection  time: 3 s. UV detector: 220 nm.  Peak 1: �-estradiol, peak 2: �-estradiol, peak 3: e
ample concentration: 50 �g mL−1 of each standard sample dissolved in methanol.
s stereoselective reduction of estrone and androstenedione.

Experimental results show that the individual migration time
for each of the six steroids running with different concentra-
tions of SDS did not change substantially, however, the peak
area of the six steroids varied significantly with different SDS
concentrations. At 40 mM SDS, except for epitestosterone the
peak area of the five steroids reached a maximum. The great-
est peak area of epitestosterone (16.3 mAU  × s) was  in the run
with 35 mM  SDS, and the difference as compared with the
peak area of epitestosterone at 40 mM SDS (15.9 mAU  × s) was
insignificant. Therefore, 40 mM  SDS was  used in later experi-
ments.

Although an increase of applied voltage causes an increase of
EOF, a decrease of the migration time of steroids, results indicate
that the effect of the reduced migration times with an increase of

the applied voltage on the separation among the six steroids was
not significant. Therefore, the separation voltage of 25 kV was used
for later experiments to give a shorter analysis time. The MEKC

 mM phosphate buffer (pH 7.0), 40 mM SDS, 10 mM �-CD, 0.8 mL 4% (v/v) methanol,
. Column temperature: ambient. Applied voltage: 25 kV. Siphonal height: 30 cm.
strone, peak 4: testosterone, peak 5: androstenedione, and peak 6: epitestosterone.
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Fig. 3. Electropherogram of on-line sweeping-MEKC for the six steroidal hormones. Micelle solution: 2 mL  10 mM phosphate buffer (pH 7.0), 80 mM SDS, 14 mM �-CD and
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.8  mL  4% (v/v) methanol, and 17.2 mL  deionized distilled water. Column length: 1
iphonal height: 30 cm.  Injection time: 600 s. UV detector: 220 nm.  Peak 1: �-estra
nd  peak 6: epitestosterone. Sample concentration: 1 �g mL−1 of each standard sam

eparation for the six steroids with the obtained optimal conditions
s shown in Fig. 2.

.2. The on-line sweeping-MEKC technique

Although the technique of MEKC was able to simultaneously
eparate the six steroids including the two pairs of epimer suc-
essfully, the detection limit was about 7.5 �g mL−1 for the six
teroids. Therefore, the on-line sweeping-MEKC sample concen-
ration technique was employed to enhance the UV detector
ensitivity. Initially, the on-line sweeping MEKC was  performed
ith the optimal separate conditions of MEKC and with a con-

entration of 1 �g mL−1 for each of the six steroidal standards;
n enhancement of signals was observed with a sample injection
ime of 60 s as compared to the signals of MEKC with a sam-
le concentration of 100 �g mL−1 and a sample injection time 3 s.
owever, as the sample injection time was prolonged to 180 s for

he sweeping-MEKC, the separation for �-estradiol, estrone, and
estosterone became worse. In order to obtain an ideal separation
f these steroids with a long injection time, the concentration of SDS
as increased to augment the theoretical plates of the pseudosta-

ionary phase. Meanwhile, the concentration of �-CD could also be
ncreased to improve the separation for the two pairs of epimer.
n this way, the injection time of the sample could be extended
onsiderably. However, for a good separation among �-estradiol,
strone, and testosterone, the sample injection time seems limited
o 600 s with the use of 80 mM SDS and 14 mM �-CD in the run-
ing buffer. The injection time longer than 600 s has been tested

or a corresponding increase of SDS and �-CD concentration, how-
ver, the endeavor for improving the separation among �-estradiol,
strone, and testosterone was in vain. In addition, as the concen-
ration of SDS was increased, the migration time of the six steroids
as also increased. Probably, a longer injection time more than

00 s could be obtained by increasing the column length. However,

ur interest in the present case was not focused on that. The elec-
ropherogram for the separation of the six steroids by the on-line
weeping-MEKC with an injection time of 600 s was shown in Fig. 3.
t is clear to see that the six steroids are all baseline separated. Note
 (effective length, 90 cm). Column temperature: ambient. Applied voltage: 25 kV.
eak 2: �-estradiol, peak 3: estrone, peak 4: testosterone, peak 5: androstenedione,
issolved in phosphate buffer.

that the baseline separation for �-estradiol (peak 2), estrone (peak
3) and testosterone (peak 4) was  shown in the enlarged electro-
pherogram and inlaid in the upper left of Fig. 3. Fig. 3 also indicated
that the analysis time was 55 min  which is longer than the anal-
ysis time of MEKC (40 min). Therefore, the benefit of using a long
column length to increase the injection time, thus, to give a more
sensitive detection, is partially offset by the increase of analysis
time.

3.3. Comparison of MEKC and on-line sweeping-MEKC technique

The performance of the MEKC and the on-line sweeping-
MEKC related with the external standard calibration curves of
the six steroidal hormones was  shown in Table 1. For MEKC,
the linear concentration range of the standard calibration curve
for the six steroidal hormones was  0.0, 8.0, 10.0, 15.0, 20.0,
25.0, 50.0, and 100.0 �g mL−1 and all had excellent linearity
(r2 ≥ 0.9920). The theoretical LODs and the LOQs of the six
steroidal hormones obtained from the method described in the
experimental section were 2.2–3.0 �g mL−1 and 7.3–9.9 �g mL−1,
respectively. Since the detection limit of MEKC tested for the
six steroids was  around 7.5 �g mL−1 which indicates the inclu-
sion of 0.0 �g mL−1 in the standard calibration curve is not
suitable, for on-line sweeping-MEKC, the linear concentration
range of the standard calibration curve for the six steroidal hor-
mones was 0.030–1.0 �g mL−1 for �-estradiol, 0.025–1.0 �g mL−1

for �-estradiol, estrone, and testosterone, 0.05–1.0 �g mL−1 for
androstenedione, and 0.075–1.0 �g mL−1 for epitestosterone and
their linearity (r2) were from 0.9785 to 0.9941. The correspond-
ing theoretical LODs and LOQs for the six steroidal hormones
obtained from the six standard calibration curves were in the
range of 0.010–0.073 �g mL−1 and 0.033–0.24 �g mL−1, respec-
tively. Therefore, the UV detection sensitivity for MEKC was

enhanced about 93, 125, 240, 200, 47, and 32 times for �-estradiol,
�-estradiol, estrone, testosterone, androstenedione, and epitestos-
terone, respectively, with the on-line sweeping-MEKC sample
concentration technique.
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Table 1
The external standard calibration curve, linearity, LOD, and LOQ of the six steroidal hormones for MEKC and sweeping-MEKC technique.

Steroid MEKC Sweeping-MEKC

Linear calibration curve Correlation
coefficient (r2)

LOD (ppm) LOQ (ppm) Linear calibration curve Correlation
coefficient (r2)

LOD (ppm) LOQ  (ppm)

�-Estradiol y = 0.1154x + 0.5597 0.9930 2.6 8.5 y = 30.55x + 3.14 0.9833 0.028 0.093
�-Estradiol y = 0.1105x + 0.4522 0.9941 3.0 9.9 y = 38.97x + 1.82 0.9924 0.024 0.081
Estrone y  = 0.1139x + 0.2966 0.9959 2.4 7.6 y = 35.44x + 1.87 0.9941 0.010 0.033
Testosterone y  = 0.0990x + 0.3724 0.9934 2.2 7.3 y = 32.27x + 2.47 0.9917 0.011 0.037
Androstenedione y = 0.0965x + 0.0960 0.9966 2.5 8.2 y = 26.22x + 3.18 0.9785 0.053 0.18
Epitestosterone y = 0.0882x + 0.4760 0.9920 2.3 7.7 y = 25.60x + 2.47 0.9813 0.073 0.24
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a) Each of the standard samples were measured five times (n = 5).
b) For MEKC: injection time for 3 s, applied voltage at 25.0 kV, UV detector at 220 n
c)  For sweeping-MEKC: injection time for 600 s, applied voltage at 25.0 kV, UV dete

.4. Analysis of steroids in yeast mediated stereoselective
eduction culture with on-line sweeping-MEKC

The simultaneous separation of the six steroids in the yeast
ediated stereoselective reduction culture has been performed by

he reversed phase HPLC in our laboratory, but the results were
ot ideal. Though the MEKC technique can separate the six steroids
ery easily, the low sensitivity of the UV detector limits the reac-
ion substrates and products must be at high concentration. In
rder to perform the trace analysis of the six steroidal hormones,
he on-line sweeping-MEKC sample concentration technique is

andatory for the trace analysis of the stereoselective reduction
ell culture. The electropherograms in Fig. 4 illustrated the results
f the five-day successive on-line sweeping-MEKC analysis of the
ell cultures of S. cerevisiae mediated stereoselective reduction of

 �g mL−1 each of estrone and androstenedione for simultaneous
roduction of estrone and testosterone. Table 2 shows the five-day

uccessive analysis results for estrone, �-estradiol, androstene-
ione, and testosterone by the on-line sweeping-MEKC. During the
ve-day reaction period, only �-estradiol and testosterone were

ig. 4. The analysis of the S. cerevisiae mediated simultaneous stereoselective reduction
oncentration technique. Substrate concentration: 1 �g mL−1 for both estrone and andros
:  estrone, peak 3: testosterone, and peak 4: androstenedione.
t 220 nm.

found in the cell culture, thus, the stereoselectivity of the yeast
mediated reduction was about 100%. The best yield of �-estradiol
and testosterone (44.9% and 29.6%, respectively) can be obtained on
the second reaction day. The real sample measurement precisions
(RSDs) at different days for estrone and androstenedione were ideal
(3.2–6.5% and 3.2–6.8%, respectively); however, for �-estradiol
and testosterone they were not ideal (7.0–13.7% and 10.7–18.8%,
respectively) which is probably due to the lower concentration
level.

The analysis accuracies and precisions (RSDs) of the sweeping-
MEKC technique for the six steroids were shown in Table 3. The
analysis accuracies estimated by the spike experiments at half-day
and on day 4 for the six steroids in the reduction cell culture were
95.0–97.1% and 95.1–98.0%, respectively. The analysis accuracies
at two concentration levels indicate an accurate on-line sweeping-
MEKC sample concentration technique. The spike precisions were
ideal that were in the range of 1.8–3.8%. Therefore, the developed

on-line sweeping-MEKC sample concentration technique for the
analysis of yeast mediated stereoselective steroids reduction is reli-
able.

 culture of estrone and androstenedione with the on-line sweeping-MEKC sample
tenedione. The analysis conditions are the same as Fig. 3. Peak 1: �-estradiol, peak
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Table 2
The five-day successive analysis results for S. cerevisiae mediated simultaneous stereoselective reduction of estrone and androstenedione by on-line sweeping-MEKC sample
concentration technique.

Time (day) Estrone
(�g mL−1)

RSD (%) �-Estradiol
(�g mL−1)

RSD (%) �-Estradiol
yield (%)

Androstenedione
(�g mL−1)

RSD (%) Testosterone
(�g mL−1)

RSD (%) Testosterone
yield (%)

0 0.95 ± 0.03 3.2 0 – – 0.94 ± 0.03 3.2 0 – –
0.5  0.71 ± 0.03 4.2 0.22 ± 0.03 13.7 23.0 0.77 ± 0.03 3.9 0.16 ± 0.03 18.8 16.9
1  0.64 ± 0.03 4.7 0.29 ± 0.03 10.3 30.3 0.60 ± 0.03 5.0 0.27 ± 0.03 11.1 28.5
2  0.50 ± 0.03 6.0 0.43 ± 0.03 7.0 44.9 0.51 ± 0.03 5.9 0.28 ± 0.03 10.7 29.6
3  0.49 ± 0.03 6.1 0.43 ± 0.03 7.0 44.9 0.46 ± 0.03 6.5 0.28 ± 0.03 10.7 29.6
4 0.48 ±  0.03 6.2 0.41 ± 0.03 7.3 42.8 0.46 ± 0.03 6.5 0.27 ± 0.03 11.1 28.5
5 0.46 ±  0.03 6.5 0.39 ± 0.03 7.7 40.8 0.44 ± 0.03 6.8 0.26 ± 0.03 11.5 27.5

The results are obtained within the same day (intra-day) with five repeated measurements (n = 5) for each sample.

Table  3
The analysis accuracy and precision of the on-line sweeping-MEKC.

Spike experiment for the sample of 0.5th reaction day Spike experiment for the sample of 4th reaction day

Recovery (%) RSD (%) Recovery (%) RSD (%)

Estrone 97.1 3.5 98.0 2.6
�-Estradiol 95.0 2.4 97.5 2.2
�-Estradiol 95.5 2.7 95.1 1.8
Androstenedione 96.3 3.0 96.1 2.4
Epitestosterone 95.0 2.5 96.7 2.6
Testosterone 95.2 3.8 96.6 3.0

The results are five repeated measurements (n = 5) for each sample.
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. Conclusions

An on-line sweeping sample concentration technique coupled
EKC has been developed in this study that can simultaneously

eparate six estrogens and androgens including two pairs of epimer
ith a phosphate buffer containing SDS and the stereoisomer selec-

or �-CD. The technique can enhance the sensitivity of UV detector
y 32–240 times to that of the MEKC technique. The on-line
weeping-MEKC sample concentration technique was  also success-
ully applied to the study of the S. cerevisiae mediated simultaneous
tereoselective reduction of estrone and androstenedione at a low
oncentration that showed a 100% stereoselectivity of the biore-
uction toward the production of �-estradiol and testosterone. The
nalysis of cell culture also demonstrated that the developed on-
ine sweeping-MEKC sample concentration technique was accurate
nd precise.
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chromatography for the determination of cortisol in urine samples in view of
biomedical studies, Electrophoresis 31 (2010) 2356–2364.

15] L.K. Amundsen, H. Sirén, Partial filling micellar electrokinetic chromatogra-
phy analysis of androgens and testosterone derivatives using two sequential
pseudostationary phases, J. Chromatogr. A 1131 (2006) 267–274.

16] K. Németh, G. Tárkányi, E. Varga, T. Imre, R. Mizsel, R. Iványi, J. Visy, J. Szemán, L.
Jicsinszky, L. Szente, M.  Simonyi, Enantiomeric separation of antimalarial drugs
by  capillary electrophoresis using neutral and negatively charged cyclodex-
trins, J. Pharm. Biomed. Anal. 54 (2011) 475–481.

17] D. Hermawan, W.A.W. Ibrahim, M.M.  Sanagi, H.Y. Aboul-Enein, Chiral sep-
aration of econazole using micellar electrokinetic chromatography with
hydroxypropyl-�-cyclodextrin, J. Pharm. Biomed. Anal. 53 (2010) 1244–
1249.

18] A.B. Martínez-Girón, A.L. Crego, M.J. González, M.L. Marina, Enantiomeric
separation of chiral polycyclic musks by capillary electrophoresis: appli-

cation to the analysis of cosmetic samples, J. Chromatogr. A 1217 (2010)
1157–1165.
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