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estrogen defi ciency can cause bone loss in postmenopausal 
women. Estrogens in women are biosynthesized in the ova-
ries and metabolized primarily through the NADPH-de-
pendent hydroxylation ( 7 ). 

 Although the biological functions of estrogen metabo-
lism in the target tissues or cells are unclear, its metabolic 
changes are associated with a range of cancers and in mod-
ulating bone density ( 1–6 ). The hydroxylation of estro-
gens on either the A-ring or D-ring is catalyzed by various 
cytochrome P450 enzyme isoforms and results in the for-
mation of hydroxy and keto metabolites. Hydroxylation 
on the A-ring occurs predominately at the C2 position 
and, to a lesser extent, at the C4 position ( 8 ). The 2- and 
4-hydroxy derivatives are further converted to 2-, 3-, and 
4-methoxy estrogens by catechol- O -methyltransferase ( 9 ). 
Hydroxylation at the 16 �  position of the D-ring produces 
16 � -hydroxyestrone, which can be metabolized further to 
estriol, 17-epiestriol, 16-ketoestradiol, and 16-epiestriol 
( 10 ). According to the carcinogenic effect of breast cancer 
( 1, 11, 12 ), catechol estrogens form quinones that react 
with DNA and form both stable and depurinating DNA 
adducts. Other metabolic pathways are also involved for 
the mitogenic and antiaptotic effects of estrone, estradiol, 
and some of their hydroxylated metabolites. 

 In contrast to many cancer studies ( 1–4 ), it is diffi cult to 
measure the concentrations of estrogen metabolites in post-
menopausal women with osteoporosis to provide accurate 
quantifi cation using conventional gas chromatography-mass 
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 Endogenous estrogens play an important role in the de-
velopment of human cancers, such as breast, endometrial, 
ovary, thyroid, and prostate cancer, as well as in bone ho-
meostasis ( 1–6 ). In general, higher levels of estrogens are 
associated with an increased risk of breast cancer, but an 
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derivatization was combined. The resulting EOC-PFP es-
trogen metabolites were separated through a high-temper-
ature GC column, in which lower bleeding achieved results 
in better detectability with a short analytical run compared 
with a fused-silica GC column ( 35, 36 ). To demonstrate the 
utility of the present method in low-level detection, urine 
samples obtained from 100 postmenopausal female patients 
with osteoporosis were used. The chemical structures of the 
derivatives of estrogen metabolites new to the literature 
were identifi ed and confi rmed by mass spectral patterns. 

 MATERIALS AND METHODS 

 Chemicals 
 The 19 endogenous estrogens examined in this study (  Table 1  ) 

 were obtained from Steraloids (Newport, RI). The deuterium-la-
beled internal standard (IS), 2,4,16,16- d  4 -17 � -estradiol ( d  4 -E2, 
isotopic purity  �  98%) was purchased from C/D/N isotopes 
(Pointe-Claire, Quebec, Canada). In solid-phase extraction 
(SPE), Oasis HLB (3 cc, 60 mg; Waters, Milford, MA) precondi-
tioned with 2 ml of methanol followed by 2 ml of de-ionized wa-
ter was used. Sodium acetate (reagent grade), acetic acid (glacial, 
99.99+%) and L-ascorbic acid (reagent grade) were acquired 
from Sigma (St. Louis, MO). A solution of  � -glucuronidase/aryl-
sulfatase from  Helix pomatia  was purchased from Roche Diagnos-
tics GmbH (Mannheim, Germany). Anhydrous potassium 
carbonate anhydrous (K 2 CO 3 ), triethylamine (TEA), and ethyl-
chlorofomate (ECF) were obtained from J. T. Baker (Phillips-
burg, NJ), Sigma, and Daejung Chemical Co. (Shiheung, Gyengi, 
Korea), respectively. The perfl uoroacylation reagent, pentafl uo-
ropropionic anhydride, and trimethylsilylating (TMS) agents,  
N -methyl- N -trifl uorotrimethylsilyl acetamide (MSTFA), ammo-
nium iodide (NH 4 I), and dithioerythritol (DTE), were supplied 
by Sigma. All organic solvents used as the analytical and HPLC 
grades were purchased from Burdick and Jackson (Muskegan, 
MI). Deionized water was prepared using a Milli-Q purifi cation 
system (Millipore, Billerica, MA). 

spectrometry (GC-MS)-based estrogen methods. These 
have been developed to measure the endogenous estro-
gen metabolites in biological specimens using RIA or en-
zyme immunoassay (EIA) ( 13, 14 ), and GC-MS ( 4, 15–18 ) 
or LC-MS ( 19–21 ). Although immunoassays have limited 
applicability due to an overestimation by cross reactions 
( 22–25 ), LC-MS-based profi ling is a proven technique with 
high sensitivity and selectivity in estrogen analysis combined 
with chemical derivatization for the phenolic hydroxyl 
groups of estrogens as follows:  a ) pentafl uorobenzyl (PFB) 
derivatization with ECAPCI-MS ( 21 ),  b ) dansyl ( 20 ) and 
picolinoyl ( 19 ) derivatizations with LC-ESI/MS, and  c ) 
N-methyl-2-pyridyl ( 26 ), 1-(2,4-dinitro-5-fl uorphenyl)-4,4,-
dimethylpiperazine ( 27 ), or N-methyl-nicotinyl derivatiza-
tions with LC-ESI/MS ( 28 ). These methods are capable of 
quantifying estrogens in the low pg/ml ranges, but they 
are time consuming because they require derivatization 
( 19 ) and a long analytical run ( 29 ). In high-resolution GC-
MS analysis, estrogen analysis is essential in blocking active 
hydrogens in both phenolic and aliphatic hydroxy groups. 
For this purpose, perfl uoroacylation and trimethylsilyla-
tion are mainly performed ( 4, 15–18 ). As a different ap-
proach, alkoxycarbonylation, which is carried out with 
highly reacting agents for amino-, thiol-, imidazole- or phe-
nolic hydroxy groups, can be suitable for direct reactions 
in aqueous media ( 17, 30–34 ). This direct derivatization to 
make analytes extractable by nonpolar organic solvents 
can be achieved simultaneously to provide rapid and re-
producible results with excellent purifi cation ( 17, 31, 32 ). 

 Here we describe an optimized two-phase extractive 
ethoxycarbonylation (EOC) with ethylchloroformate (ECF) 
technique for a comprehensive analytical method of 
19 endogenous estrogens, including catechol estrogens, to 
overcome their high polarity and instability in GC-MS-
based analysis. Subsequent pentafl uoropropionyl (PFP) 

 TABLE 1. GC-MS information for quantitative analysis of 19 estrogens as their EOC-PFP derivatives 

Compounds(Trivial Name) Abbreviation Molecular Ion Characteristic Ion  a  Quantitative Ion  b  
Retention 

Time(min)

3-methoxy-17 � -estradiol 3-MeO-E2 432 432, 404 432 [M] + 3.26
3-methoxyestrone 3-MeO-E1 284 284, 227 284 [M] + 3.61
17 � -estradiol 17 � -E2 490 490, 446, 418 418 [M-72] + 4.35
Estriol E3 652 652, 608, 580 580 [M-72] + 4.41
17 � -estradiol 17 � -E2 490 490, 446, 418 418 [M-72] + 4.67
17-epiestriol 17-epi-E3 652 652, 608, 580 580 [M-72] + 4.76
16-epiestriol 16-epi-E3 652 652, 608, 580 580 [M-72]  + 5.19
16 �  -hydroxyestrone 16 � -OH-E1 504 504, 460, 432 432 [M-72] + 5.19
4-methoxy-17 � -estradiol 4-MeO-E2 520 520, 476, 448 448 [M-72] + 5.22
Estrone E1 342 342, 298, 270 270 [M-72] + 5.30
2-methoxy-17 � -estradiol 2-MeO-E2 520 520, 476, 448 448 [M-72] + 5.50
16-keto-17 � -estradiol 16-keto-E2 504 504, 460, 432 432 [M-72] + 5.59
4-methoxyestrone 4-MeO-E1 372 372, 328, 300 300 [M-72] + 5.86
2-methoxyestrone 2-MeO-E1 372 372, 328, 300 300 [M-72] + 6.10
2-hydroxyestriol 2-OH-E3 740 740, 696, 652, 624, 596 596 [M-72-72] + 6.52
4-hydroxy-17 � -estradiol 4-OH-E2 578 578, 534, 506, 490, 462, 434 434 [M-72-72] + 6.63
2-hydroxy-17 � -estradiol 2-OH-E2 578 578, 534, 506, 490, 462, 434 434 [M-72-72] + 6.88
4-hydroxyestrone 4-OH-E1 430 430, 386, 358, 342, 314, 286 286 [M-72-72] + 7.26
2-hydroxyestrone 2-OH-E1 430 430, 386, 358, 342, 314, 286 286 [M-72-72] + 7.50

  a  All estrogens were derivatized with the perfl uoroacylation agent pentafl uoropropionic anhydride for hydroxy groups after ethoxycarbonylation 
(EOC) with ethyl chloromate for the phenolic hydroxy groups of estrogens in an aqueous buffer, except for the estrogens containing no phenolic 
and/or aliphatic hydroxy groups. All ions are given within 30% of the base peak.

  b  Base peaks were chosen as the quantitative ions of estrogens.
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of MSTFA/NH 4 I/DTE (500:4:2, v/w/w) for 20 min at 60°C for 
both hydroxy and ketone groups and ( b ) perfl uoroacylation with 
20  � l of pentafl uoropropionic anhydride in 100  � l of  n -hexane at 
50°C for 30 min only for hydroxy groups. Two GC column sys-
tems were also evaluated using a fused-silica capillary column 
(Ultra-1; 25 m × 0.2 mm I.D., 0.33  � m fi lm thickness; Agilent 
Technologies, Palo Alto, CA) and a stainless steel capillary col-
umn (MXT-1; 30 m × 0.25 mm I.D., 0.25  � m fi lm thickness; 
Restek Co., Bellefonte, PA). 

 Urinary sample pretreatment 
 The urine sample (2 ml) including 100  � l of 0.2% aqueous 

L-ascorbic acid was spiked to 15  � l of the internal standard,  
d  4 -E2 (1  � g/ml). The samples were extracted with Oasis HLB TM  
SPE cartridges placed in a device fi tted with a small peristaltic 
pump and operated at a low fl ow rate (<1 ml/min) to improve 
the extraction effi ciency during the SPE process. After loading 
each sample on a cartridge, it was washed with 2 ml water and 
eluted twice with 2 ml of methanol. The combined methanol 
was evaporated under a nitrogen stream and then added to 1 ml 
of 0.2 M acetate buffer (pH 5.2), 100  � l of aqueous 0.2% L-
ascorbic acid, and 50  � l of  � -glucuronidase/arylsulfatase. After 
incubation at 55°C for 3 h, the solution was adjusted to pH 8 
with a 5% K 2 CO 3  solution, and then 30  � l of TEA and 50  � l of 
ECF were added. After vortexing for 30 s, the sample was ex-
tracted twice with 2.5 ml nonpolar solvent  n -hexane. The or-
ganic solvent was evaporated in an N 2  evaporator at 40°C and 
dried in a vacuum desiccator over P 2 O 5 -KOH for at least 30 min. 
Finally, the dried residue was derivatized with 20  � l of penta-
fl uoropropionic anhydride in 100  � l of  n -hexane at 50°C for 30 
min, and then evaporated in an N 2  evaporator. Two microliters 
of the resulting product reconstituted with 40  � l of  n -hexane 
was injected for GC-MS analysis in selected ion monitoring 
(SIM) mode. 

 Instrumental conditions 
 GC-MS was performed with an Agilent 6890 Plus gas chro-

matograph interfaced with a single-quadrupole Agilent 5975C 
MSD. The electron energy was 70 eV, and the ion source tem-
perature was 230°C. Each sample (2  � l) was injected in split 
mode (10:1) at 280°C and separated through a MXT-1 (30 m × 
0.25 mm I.D., 0.25  � m fi lm thickness, Silcosteel-treated stainless 
steel) cross-linked dimethyl polysiloxane capillary column. The 
oven temperature was initially 270°C, increased to 300°C at 6°C/
min, and fi nally increased to 330°C using a 10°C/min ramping 
program. The column head pressure of helium as the carrier gas 
was set to 151.7 kPa. For quantitative analysis, the characteristic 
ions of each estrogen were determined as their EOC-PFP deriva-
tives in SIM mode of the electron-impact ionization. To maxi-
mize the sensitivity, the characteristic ions were monitored in 
fi ve different groups. Group 1, for the monitoring of 3-MeO-E2 
and 3-MeO-E1, was set at  m/z  284 and 432 with a dwell time of 
150 ms each and run from 2.60 to 3.95 min; group 2 (from 3.95 
to 4.90 min) was set at  m/z  418, 422, and 580 with a dwell time of 
100 ms for the analysis of 17 � -E2, E3,  d  4 -17 � -E2, 17 � -E2, and 
17-epi-E3; group 3 (from 4.90 to 5.50 min) was set at 270, 432, 
448, and 580 for the monitoring of 16-epi-E3, 16 � -OH-E1, 
4-MeO-E2, and E1 with a dwell time of 75 ms each; group 4, for 
the monitoring of 2-MeO-E2, 16-keto-E2, 4-MeO-E1, and 2-MeO-
E1, was set at  m/z  300, 432, and 448 with a dwell time of 100 ms 
each and run from 5.50 to 6.30 min; and group 5 (from 5.50 to 
8.00 min) was set at  m/z  286, 434, and 596 with a dwell time of 
100 ms for the analysis of 2-OH-E3, 4-OH-E2, 2-OH-E2, 4-OH-
E1, and 2-OH-E1. Peak identifi cation was achieved by compar-
ing the retention times and matching the height ratios of the 
characteristic ions ( Table 1 ). 

 Each stock solution of all reference standards, including inter-
nal standard  d  4 -E2, was prepared at a concentration of 1 mg/ml 
in methanol, whereas 2-OH-E1, 2-OH-E2, 4-OH-E1, 4-OH-E2, 
and 2-OH-E3 were dissolved with L-ascorbic acid containing 
methanol (1 mg/ml) to prevent oxidation. The working solu-
tions were diluted with a methanol-ascorbic acid solution at vari-
ous concentrations ranging from 0.001 to 10  � g/ml. All standard 
solutions were stable for a minimum of 3 months at 4°C in the 
tefl on-sealed, amber-glass vial. 

 Calibration and quality control samples 
 The urine samples used for calibration and quality control 

(QC) purposes were prepared in-house as estrogen-free urine by 
percolating urine samples through a Strata-X (3 ml, 60 mg; Phe-
nomenex, UK). Urinary estrogens were retained in the cartridges, 
and the eluates were collected. After checking the endogenous 
estrogens not presented by GC-MS, calibration samples were 
made up of 11 different concentrations ranging from 0.02 to 40 
ng/ml. The quality control samples were also prepared at four 
different concentrations (0.1, 0.5, 2, and 10 ng/ml) with estro-
gen-free urine depending on the sensitivity and reference values 
of the urinary estrogens. All samples contained L-ascorbic acid 
(1 mg/ml) to prevent the degradation of catechol estrogens dur-
ing storage and sample preparation. 

 Subjects and sample collection 
 The fi rst-morning urine samples were collected from 100 

postmenopausal female patients with osteoporosis (age: 69.3 ± 
5.9 years) at the Department of Endocrinology and Metabo-
lism at the Severance Hospital (Seoul, Korea). All subjects un-
derwent dual-energy X-ray absorptiometry (DEXA), which is a 
widely used technique to measure the bone mineral density 
(BMD) of the lumbar spine and upper part of the hip. The re-
sults are generally indicated by the T-score, which compares 
the patient’s BMD to that of a healthy thirty-year-old of the 
same gender and ethnicity. The criteria of the World Health 
Organization are as follows: Normal is a T-score of  � 1.0 or 
higher; osteopenia is defi ned as T <  � 1.0 and >  � 2.5; and os-
teoporosis is defi ned T  �   � 2.5. The levels of estrogens in the 
100 postmenopausal female subjects with a T-score <  � 2.5 were 
corrected by the urinary creatinine values determined accord-
ing to Jaffé method ( 37 ). All samples were stored at  � 20°C 
until used. 

 Optimization of ethoxycarbonylation 
 To optimize the ethyoxycarbonylation of a phenolic hydroxy 

group of estrogens, the experimental parameters affecting de-
rivatization effi ciency were tested. To maximize the reaction 
yields, the effect of the catalyst was evaluated by adding TEA or 
pyridine in the range of 10-40  � l under pH 9 aqueous solutions. 
Under the addition of a catalyst, the pH of the reaction mixture 
was adjusted from 8 to 11 with a 5% K 2 CO 3  solution. The volume 
of ECF was tested in the range of 30-200  � l. In addition, various 
mechanical techniques, including sonication, shaking, vortexing, 
and incubation, were compared to increase the reactivity and re-
duce reaction time. After optimizing the ethoxycarbonylation, 
the extraction solvent was evaluated to maximize the extraction 
effi ciency with fi ve different organic solvents: ethyl acetate (EA), 
 t -butyl methyl ether (MTBE), ethyl acetate:  n -hexane (2:3, v/v), 
 n -pentane, and  n -hexane. 

 After extractive ethoxycarbonylation, additional derivatization 
was carried out to block the remaining aliphatic hydroxy or ke-
tone groups of estrogens prior to GC-MS analysis. Two different 
derivatization reagents were compared to obtain improved GC 
properties (supplementary Fig. I):  a ) trimethylsilylation with 40  � l 
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umn, the EOC-TMS derivatives were well separated in a 
9 min run (supplementary Fig. II). However, the EOC-TMS 
derivatives gave base peaks in low molecular mass ranges, 
which could cause decreasing sensitivity and selectivity in 
quantitative analysis. In the EOC-TMS derivatives of cate-
chol estrogens, the precision (% CV) in the intra-assay 
( n  = 5) deviated by more than 20% at all QC concentra-
tions, and the poor repeatability was not enhanced in both 
capillary column systems. In particular, 2-OH-E3 was not 
detectable with both TMS and EOC-TMS derivatization 
techniques in ng/ml urinary levels. 

 The aim of this study was to improve the detectability 
with good GC-EI/MS properties. Therefore, PFP derivati-
zation for protection of the remaining aliphatic hydroxy 
groups was conducted as a subsequent derivatization. The 
chromatographic separation of 19 estrogens as their EOC-
PFP derivatives was achieved with excellent peak shapes 
and higher responses within 8 min runs (  Fig. 1  ).  To com-
pare both selectivity and sensitivity in three different de-
rivatization methods, all estrogen metabolites were spiked 
into estrogen-free urine at the level of 1 ng/ml and ana-
lyzed. When the chromatographic properties were com-
pared with the S/N ratio, all EOC-PFP derivatives gave 
better detectability with a 1.3- to 25-fold increase com-
pared with the other two methods (  Fig. 2  ).  In addition, 
estradiol- or estriol-type compounds, which contain ali-
phatic hydroxy groups at the 16 and/or 17 position on the 
D-ring, showed a signifi cantly higher S/N ratio, whereas 
the estrone-type compounds, which have no aliphatic hy-
droxy groups inducing subsequent derivatization with 
pentafl uoropropionic anhydride, were relatively low. The 
interpretation of the mass spectrometric patterns of estro-
gen metabolites also distinguished mono- and di-EOC-PFP 
derivatives among the 19 estrogens ( Table 1 ). The base 
peak of all mono-EOC-PFP derivatives was the [M-72] +  ion 
corresponding to the loss of an EtOCO-group, whereas 
the minor peaks were [M] +  and [M-44; M-OEt] +  ions. For 
fi ve di-EOC-PFP derivatives of catechol estrogens, the [M-
72-72; M-2EtOCO] +  ion formed the base peak, whereas 
[M-72-44] + , [M-72-44] + , [M-44-44] + , [M-72] + , [M-44] + , and 
[M] +  ions were observed as minor peaks. In addition, 
3-MeO-E1 and 3-MeO-E2 without a phenolic hydroxy 
group generated the molecular ion as the base peak at  m/z  
284 and 432, respectively. These results may provide useful 
information on the chemical structures of the estrogens 
detected. 

 Optimization of ethoxycarbonylation 
 Although the dansyl derivatives of estrogens show an im-

proving detectability in LC-MS analysis ( 29 ), in this study 
ethoxycarbonylation ( 30–34 ), which is applicable to a 
range of compounds containing amino- or phenolic hy-
droxy groups of steroids, was introduced and optimized 
for the analysis of 19 endogenous estrogens as a simple 
and fast sample preparation in GC-MS analysis. Initially, 
the contribution of the catalyst for complete ethoxycarbo-
nylation was examined by comparing the chromatographic 
intensities of the EOC derivatives in the scan range of  m/z  
100-650. In the absence of a catalyst, the methoxylated 

 Method validation 
 The QC samples containing 19 estrogen metabolites were used 

over the course of three months, and quantifi cation was per-
formed using the peak height ratios relative to that of IS. Least-
squares regression analysis was performed on the peak height 
ratios against increasing amounts to obtain calibration linearity. 
The limit of detection (LOD) and quantifi cation (LOQ) were 
defi ned to be the lowest concentration with a signal-to-noise 
(S/N) ratio > 3 for the LOD and 10 for the LOQ. The precision 
expressed as the coeffi cient of variation (% CV) and the accuracy 
as the percentage relative error (% bias) of the method were de-
termined from the QC samples at three different concentrations 
(low, 0.1 or 0.5 ng/ml; medium, 2 ng/ml; and high, 10 ng/ml) 
based on the calibration range of each analyte. For intraday re-
peatability, fi ve replicates were analyzed, whereas the reproduc-
ibility was measured from the samples run over fi ve different 
days. The extraction recovery was established using QC samples 
at three concentrations in triplicate for each estrogen by adding 
known amounts of the mixed working solutions to the estrogen-
free urine samples. The absolute recovery was calculated by com-
paring the analytical results of the samples through overall 
sample preparation with those of standard samples without SPE 
and enzymatic hydrolysis that represented 100% recovery. 

 The stability of the analyte during sample collection and han-
dling, which is a prerequisite of reliable quantifi cation, was evalu-
ated. The stability was measured by comparing the results of the 
samples analyzed before and after being exposed to the condi-
tions for the stability assessment at three different concentrations 
in triplicate. First, the stability of the standard solutions was tested 
by standing at room temperature for 6 h over the time required 
for sample preparation. Second, the freeze-thaw stability was de-
termined after three freeze-thaw cycles. After storing three ali-
quots of QC samples at  � 20°C for 24 h, the samples were thawed 
at room temperature. When thawed completely, the samples 
were refrozen for 12 h under the same conditions. This process 
was repeated three times. Third, the short-term temperature sta-
bility was evaluated by thawing the QC samples at ambient tem-
perature and then leaving them to stand at this temperature for 
6 h. Fourth, the postpreparative stability was evaluated by re-in-
jecting the prepared samples after 6 h (after one batch analysis of 
validation samples) and 30 h (one day after being placed in the 
sample tray of the auto-injector). 

 RESULTS 

 GC-MS characteristics of the derivatives 
 To enhance both specifi city and sensitivity, a compre-

hensive derivatization for polar functional groups of estro-
gen analysis was carried out with the extractive EOC with 
ECF in the aqueous phase, which was applied successfully 
to protect the active hydrogens of the phenolic hydroxy 
group in estrogen molecules as the direct-derivatization 
technique ( 17 ). In the subsequent derivatization to block 
the remaining aliphatic hydroxy and ketone groups prior 
to GC analysis, TMS derivatization was initially tested, and 
the results of the EOC-TMS derivatives were compared 
with the commonly used TMS derivatives (supplementary 
Fig. II). High-temperature GC techniques ( 36, 38, 39 ), 
which can separate high molecular weight or lipophilic 
compounds that cannot be eluted using conventional 
fused-silica capillary GC columns, were examined. By us-
ing a thermally stable, stainless steel MXT-1 capillary col-
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(from 10 s to 30 min) combined with various mixing tech-
niques (sonication, mechanical shaking, and vortexing) and 
reaction temperatures (25 and 50°C). Both mechanical 
shaking and sonication at 50°C improved the reaction yields 
and increased the reaction time, but the increase was not 
signifi cant compared with vortexing at 25°C in a few sec-
onds. Therefore, vortexing for 30 s was chosen as the sim-
plest condition. 

 The sample pH did not affect extraction effi ciency, and 
extraction was performed without additional pH adjust-
ment after ethoxycarbonylation. As the extraction solvents, 
fi ve different organic solvents, EA, MTBE, a mixture of EA 
and  n -hexane (2:3, v/v),  n -pentane, and  n -hexane, were 
tested to assess the enhanced extraction effi ciency and re-
duced matrix interference. The order of diminishing ma-
trix noise was  n -hexane  ≈   n -pentane > EA:  n -hexane (2:3) 
> MTBE > EA. When relatively polar organic solvents, EA, 
MTBE, and EA:  n -hexane (2:3), were used, the chromato-
graphic interference derived from the urinary backgrounds 
was increased, which was responsible for the poor selectivity 
and sensitivity. In contrast, extraction with nonpolar solvents, 
such as  n -hexane and  n -pentane, considering the increased 
lipophilicity of estrogens after ethoxycarbonylation, was 
quite effective in removing disturbing polar substances. 
The  n -hexane was used as an optimal extraction solvent. 

 Method validation 
 Method validation requires evaluations of accuracy, pre-

cision, selectivity, sensitivity, reproducibility, and stability 
using spiked samples prepared with the estrogen-free urine. 

estrogens showed low reaction yields of 11-45% by com-
parison with the addition of TEA (20  � l) that represented 
100% effi cacy. This situation may originate from the steric 
hindrance from the infl uence of a methoxy group adjacent 
to the phenolic hydroxy groups on an estrogen A-ring. To 
solve the problem, the addition of TEA and pyridine as a 
basic catalyst in the range of 10-40  � l in 1 ml of a buffer 
solution was tested under the same reaction conditions 
(50  � l of ECF, pH 9 medium, and shaking for 30 min). 
Although pyridine is commonly used as a suitable esterifi -
cation catalyst ( 30, 33, 34 ), it was not selected in this study 
due to the diffi culty in removing the excess reagent after 
derivatization. Increasing the TEA amount tended to max-
imize the reaction yields at 30 and 40  � l, and 30  � l of TEA 
was chosen because of its rapid evaporation rate. 

 In alkyloxycarbonylation, an alkaline condition is essen-
tial to promote the deprotonation of the reactive species 
( 30–32, 34 ), and the pH range of 8-11 was tested (data not 
shown). Most estrogens showed good reaction yields 
(>96%) in all ranges tested, whereas yields of fi ve catechol 
estrogens were decreased signifi cantly at pH > 9, even 
though 0.2% ascorbic acid was added to prevent oxidation 
of the catechol moieties. The optimal pH was adjusted 
to 8-8.5 using a 5% K 2 CO 3  solution. To set an optimal 
volume of ECF, the amount of ECF was also tested with 
volumes of 30-200  � l in 1 ml of aqueous media at pH 8. 
The highest reaction yield was obtained in the range of 
50-200  � l ECF. Hence, 50  � l of ECF was used in this 
study. Further experiments were carried out to optimize the 
reaction time. The experiment involved increasing the time 

  Fig.   1.  Total-ion chromatogram in GC-SIM/MS analysis of the 19 estrogens as their EOC-PFP derivatives. 
The 19 estrogens (10 ng/ml each) were spiked into the steroid-free urine and prepared for quantitative 
analysis: peak 1, 3-MeO-E2; peak 2, 3-MeO-E1; peak 3, 17 � -E2; peak 4, E3; peak 5, 17 � -E2; peak 6, 17-epi-E3; 
peak 7, 16 � -OH-E1; peak 8, 16-epi-E3; peak 9, 4-MeO-E2; peak 10, E1; peak 11, 2-MeO-E2; peak 12, 16-keto-
E2; peak 13, 4-MeO-E1; peak 14, 2-MeO-E1; peak 15, 2-OH-E3; peak 16, 4-OH-E2; peak 17, 2-OH-E2; peak 
18, 4-OH-E1; and peak 19, 2-OH-E1. The sample was separated through a thermally stable MXT-1 capillary 
column (30 m × 0.25 mm I.D., 0.25  � m fi lm thickness). The oven temperature was initially at 270°C and 
ramped to 300°C at 6°C/min, and then fi nally increased to 330°C at 10°C/min. The characteristic ions were 
monitored in fi ve different groups: group 1, for the monitoring of 1 and 2, was set at  m/z  284 and 432 and 
run from 2.60 to 3.95 min; group 2 (from 3.95 to 4.90 min) was set at  m/z  418, 422, and 580 for the analysis 
of 3 to 6; group 3 (from 4.90 to 5.50 min) was set at 270, 432, 448, and 580 for the monitoring of 7 to 10; 
group 4 (from 5.50 to 6.30 min) was set at  m/z  300, 432, and 448 for the monitoring of 11 to 14; and group 
5 (from 5.50 to 8.00 min) was set at  m/z  286, 434, and 596 for the analysis of 15 to 19.   
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a 10 3 -fold concentration range with the correlation coeffi -
cient ( r  2  > 0.995) for all estrogens analyzed. The precision 
and accuracy were determined by analyzing the QC sam-
ples acquired for the intra- and interday assays at three differ-
ent levels of low (0.1 or 0.5 ng/ml), medium (2 ng/ml), and 
high (10 ng/ml) concentration. The intraday ( n  = 5) pre-
cision (expressed as % CV) ranged from 1.6 to 11.5%, 
whereas accuracies (expressed as % bias) ranged from 
94.0 to 109.5%; interday ( n  = 5) precision (% CV) and ac-
curacy (% bias) ranged from 1.4 to 10.5% and from 91.4 
to 108.5%, respectively ( Table 2 ). 

 The stability tests were evaluated for the reliable quanti-
fi cation of estrogens, including standard solution storage, 
short-term storage (bench-top, room temperature), freeze 
and thaw cycles, and the analytical process as described in 
Materials and Methods (see supplementary Table I). Both 

The LOD and LOQ, which are sample concentrations 
required to give a higher S/N ratio > 3 and 10, respec-
tively, were also evaluated (  Table 2  ).  The LOQs of the 
EOC-PFP derivatives with the estrone-type moiety ranged 
from 0.06 to  � 0.1 ng/ml, whereas those of most estrogens 
with estradiol- or estriol-type moieties ranged from 0.02 to 
0.04 ng/ml, except for 2-OH-E3 (0.5 ng/ml). This may 
due to the relatively low recovery obtained from  n -hexane 
extraction after ethoxycarbonylation. The overall recover-
ies of the EOC-PFP derivatives ranged from 75.3 to 109.5%, 
except 48.7% for 2-OH-E3. 

 The calibration curve consisted of a blank sample (ma-
trix sample processed without an internal standard), a 
zero sample (matrix sample processed with an internal 
standard), and eleven samples from LOQ to the expected 
range in the sample. The devised method was linear over 

  Fig.   2.  Comparative detectability of the three different derivatization techniques. Nineteen estrogen metabolites were spiked at 1 ng/ml 
urinary concentration and analyzed. As representative extracted-ion chromatograms based on the quantitative ions of individual com-
pounds, catechol estrone and estradiol are plotted without smoothing.   
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OH-E1, 16-keto-E2, and 2-MeO-E2 were detected in all 100 
urine samples, whereas 2-MeO-E1, 3-MeO-E1, 2-OH-E1, 
2-OH-E2, 4-OH-E1, and 4-OH-E2 detected approximately 
50% of the total samples analyzed. Among the eight estro-
gens with a total of above 90% incidence, E1 was the most 
abundant, followed by E3 and 2-MeO-E1. 

 DISCUSSION 

 Estrogen metabolites have one or two phenolic hydroxy 
groups and other polar groups, such as aliphatic hydroxy 

stock solutions and QC samples were prepared freshly and 
L-ascorbic acid (1 mg/ml) was added to prevent oxidative 
degradation of the catechol estrogens. The standard solu-
tions were stable at  � 20°C for three months and at room 
temperature for 6 h. The short-term stability, which was 
tested by thawing the QC samples at 25°C and leaving 
them to stand for 6 h, showed no signifi cant changes 
(< ±15% relative standard deviation, RSD) in concentra-
tion under the conditions tested. The freeze/thaw stability 
was evaluated from the concentration of aliquot not sub-
jected to freeze/thaw cycles as a reference. The stability of 
the estrogens was also demonstrated in urine samples sub-
jected to three freeze/thaw cycles. The overall differences 
between the cycles were not signifi cant within a 15% devia-
tion in all estrogens. Repeated freezing and thawing cycles 
did not appear to affect the concentration of estrogens. Insta-
bility can occur not only in the sample matrix but also in the 
prepared samples. Hence, it is important to test the post-
preparative stability under the conditions of analysis, includ-
ing autosampler conditions for the expected maximum time 
of an analytical run, to determine if the analytical run could 
be re-analyzed in the case of instrument failure. The results 
showed that the EOC-PFP derivatives of estrogens were quite 
stable when the prepared samples were injected one day after 
being placed in the sample-tray (< ±12% RSD). 

 Application to postmenopausal women with osteoporosis 
 The usefulness of this novel method for quantifying low 

levels of endogenous estrogen was demonstrated with 
urine samples obtained from 100 postmenopausal female 
patients with osteoporosis (  Fig. 3  ).  Among the 19 estro-
gens monitored, E1, 17 � -E2, E3, 17-epi-E3, 16-epi-E3, 16 � -

 TABLE 2. Validation results of the overall method in the intra- and interday assays 

Compound 
Abbreviation LOD  a  LOQ  b  Recovery  c  Linearity  d  

Intraday ( n =5) Interday ( n =5)

CV  e  Accuracy  e  CV Accuracy

 ng/ml  ng/ml  %  r 2   %  %  %  % 
E1 0.04 0.08 95.2 0.9984 4.8 109.5 6.2 103.6
17 � -E2 0.01 0.02 103.9 0.9997 1.6 109.2 1.4 107.7
E3 0.01 0.04 75.3 0.9974 4.7 106.3 8.1 99.4
2-OH-E1 0.05 0.10 90.8 0.9953 11.5 101.5 10.5 100.6
2-OH-E2 0.01 0.02 96.7 0.9978 4.0 99.7 10.1 103.5
4-OH-E1 0.05 0.10 80.7 0.9972 11.6 97.7 11.3 98.9
4-OH-E2 0.01 0.04 93.3 0.9985 6.8 97.9 9.4 106.7
2-MeO-E1 0.02 0.04 92.9 0.9980 7.9 105.4 7.6 99.3
2-MeO-E2 0.01 0.02 103.8 0.9997 4.1 98.7 2.8 98.9
3-MeO-E1 0.05 0.10 86.6 0.9977 10.9 100.0 9.4 108.5
3-MeO-E2 0.01 0.02 95.0 0.9984 4.6 100.2 7.5 102.5
4-MeO-E1 0.04 0.10 98.7 0.9976 5.6 107.9 6.7 100.1
4-MeO-E2 0.01 0.02 102.3 0.9996 2.3 106.8 2.9 100.3
17-epi-E3 0.01 0.04 107.0 0.9994 7.1 101.3 7.8 98.4
16-epi-E3 0.01 0.04 109.4 0.9993 6.1 101.5 6.8 97.4
17 � -E2 0.02 0.04 109.5 0.9994 3.4 96.3 2.9 100.4
16 � -OH-E1 0.02 0.06 100.1 0.9986 9.2 108.9 8.6 102.2
16-keto-E2 0.02 0.06 102.7 0.9981 6.9 94.0 8.9 91.9
2-OH-E3 0.10 0.50 48.7 0.9950 24.8 102.2 17.4 104.3

  a   The limit of detection was measured at S/N ratio > 3.
  b   Limit of quantifi cation was measured at S/N ratio > 10.
  c   Absolute recoveries were calculated by comparing the peak height ratios of the samples using the described method with those of their 

nonextracted counterparts from three different QC concentrations in fi ve replicates.
  d   Calibration ranges were from the LOQ level to 40 ng/ml for each analyte, and the linearity was measured as the mean levels of data through 

fi ve different days.
  e   Precision and accuracy were expressed as the mean values of data obtained from three QC samples through intra- and interday assays.

  Fig.   3.  Urinary estrogen levels obtained from 100 postmeno-
pausal female patients with osteoporosis. All quantitative data was 
corrected by the urinary creatinine values.   
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range of compounds containing amino or phenolic hy-
droxy groups of steroids, was introduced and optimized 
for the analysis of 19 endogenous estrogens as a simple 
and fast sample preparation in GC-MS analysis. 

 Owing to these low concentrations in postmenopausal 
women, many studies have generally focused on measur-
ing the abundant estrogens, such as E1, 17 � -E2, and E3. 
Recently, a LC-MS/MS method provided more informa-
tion on 15 estrogen metabolites present in urine samples 
obtained from healthy premenopausal and postmeno-
pausal women. Five (E1, 17 � -E2, E3, 2-OH-E1, and 16-keto-
E2) of these 15 estrogens were determined to be abundant 
estrogens in both groups ( 20, 25 ). Few studies have evalu-
ated the excretion of urinary estrogen metabolites in post-
menopausal osteoporosis, which is known to be due 
primarily to an estrogen defi ciency ( 6 ). To examine the 
estrogen metabolisms in postmenopausal osteoporosis, 
the urinary levels of hydroxylated and methoxylated estro-
gens have been measured using immunoassay kits and GC-
MS. However, the analytical sensitivities in an accurate 
measurement of low-level estrogen metabolites are insuf-
fi cient. The present technique would make it possible to 
have better sensitivity and selectivity as a comprehensive 
GC-MS-based method. 

 In conclusion, a comprehensive GC-MS method was de-
veloped as a practical assay to quantify 19 urinary estro-
gens. The devised technique was based on a combination 
of two-phase extractive EOC, with subsequent pentafl uo-
ropropionylation and GC separation with a high-tempera-
ture GC column within 8 min run. The method has the 
advantages of simple, rapid, sensitive, selective, and repro-
ducible quantifi cation down to pg/ml levels of urinary 
estrogen metabolites. The good sensitivity of this method 
even allowed measurements of the estrogen metabolites 
in the urine of postmenopausal female patients with osteo-
porosis. This can be a useful technique for a clinical diag-
nosis and as a mining biomarker in estrogen-related 
disorders.  
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