
Journal of Chromatography A, 1056 (2004) 179–185
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silylation for the determination of estrogens in water samples
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Abstract

A solvent-free method for the determination of five estrogens in water samples at the low ng/l was optimized. Compounds were first
concentrated on a polyacrylate (PA) solid-phase microextraction (SPME) fiber, directly exposed to the water sample, and then on-fiber
silylated on the headspace of a vial containing 50�l of N-methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA). Derivatized analytes were
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etermined using GC with MS/MS detection. Influence of several factors on the efficiency of the microextraction step (e.g. tim
olume, pH, ionic strength and fiber coating) is systematically described. Derivatization conditions were optimized in order to ac
omplete silylation of all hydroxyl groups contained in the structure of the compounds. Detection limits (from 0.2 to 3 ng/l) are c
ith those obtained using the same detection technique and different sample preparation strategies, such as solid-phase extrac
y silylation of the analytes in the organic extract and SPME without derivatization. The method was applied to the analysis of sew
amples. Two of the investigated species were detected above the quantification limits of the procedure.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Since the discovery of their strong activity as endocrine
isrupter chemicals estrogens are considered as target com-
ounds in the aquatic environment. Urinary excretion of es-

rogenic hormones, together with their de-conjugation and
ncomplete removal in waste water treatment plants, con-
titutes the main input of these species in the aquatic en-
ironment. Compounds such as estrone, 17�-estradiol and
7�-ethinylestradiol have been detected at the low ng and
ub-ng/l in waste and surface waters[1–3]. Even at this low
oncentrations, they affect the normal reproduction of aquatic
rganisms showing a stronger estrogenic activity than other
ell known chemical pollutants such as nonylphenols and
CBs[4]. Effects of other hormones, e.g. diethylstilbestrol
sed as a fraudulent grow promoter in the feed of farm ani-
als, on aquatic organisms have been scarcely studied.

∗ Corresponding author. Fax: +34 981 595012.
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Most procedures applied to the determination of estro
in water are based on the concentration of large samples
0.5 to 2 l), followed by their selective detection using GC
LC in combination with MS, or preferably tandem MS sp
trometry. GC based methods require the derivatization o
hydroxyl groups contained in the structure of the analyte
order to improve the sensitivity of the method. Acetyla
and silylation reagents have been considered for this pu
[5–7]. In general, the aliphaticOH groups show a lower r
activity than the aromatic ones, and thus they are more
cult to derivatize; particularly, the sterical hindered hydro
groups in position 17 of mestranol and 17�-ethinylestradio
[8–9]. From our knowledge, the only compound able to r
quantitatively with all OH groups of both species is theN-
methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA)[10].
LC-MS methods do not require the derivatization of the
alytes; however, the ionization efficiency can be affecte
changes in the composition of the mobile phase and m
over, co-extracted interferences may produce signal sup
sion problems[11].
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Traditionally, solid-phase extraction (SPE), using differ-
ent reverse phase materials[3–4,12–13], has been the pre-
ferred technique for the extraction of estrogens from water
samples. After the concentration step, organic extracts are
usually purified using normal phase sorbents or liquid chro-
matography fractionation, previously to the analytical deter-
mination of the compounds[3–4,14].

SPME has also been successfully employed for the de-
termination of polar and non-polar pollutants in water sam-
ples. In comparison to SPE protocols, less sample volume
is required and generally, a higher selectivity is achieved.
Pẽnalver et al.[15], using HPLC as the separation technique,
have demonstrated the possibilities of polar SPME fibers
to extract estrogens from water samples. Braun et al.[16]
have proposed the combination of SPME with GC-MS for
the determination of several endocrine disrupters (including
17�-ethinylestradiol) in water samples; however, as com-
pounds were not derivatized, relatively high quantification
limits were obtained. Reagents used for the silylation of estro-
genic hormones are destroyed in presence of water, therefore,
microextraction and derivatization steps cannot be performed
simultaneously. The problem can be solved by dividing the
procedure in two steps: compounds are first incorporated on
the fiber and then on-fiber silylated in a dry atmosphere.
This approach has been successfully applied to the analy-
s ater
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standards and mixtures of them were made in methanol. Indi-
vidual solutions of E2d4 were also prepared in methanol. This
compound was normally used as internal standard through-
out the analytical procedure. The derivatization reagentN-
methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) was
also purchased from Aldrich in 1 ml ampoules.

A manual SPME holder and fibers with different
coatings: poly(dimethylsiloxane) (PDMS, 100�m film
thickness), polyacrylate (PA, 85�m film thickness), poly
(dimethylsiloxane-divinilbenzene) (PDMS-DVB, 65�m
film thickness), carboxen-PDMS (CAR-PDMS, 75�m film
thickness) and Carbowax-DVB (CW-DVB, 75�m film
thickness), were obtained from Supelco (Bellefonte, PA,
USA).

Spiked and non-spiked water samples (Milli-Q, river and
waste water) were used in this study. Waste water samples
were collected in the influent and the effluent of an urban
sewage plant equipped with primary and secondary treat-
ments. Samples were filtered at 0.45�m when received and
then stored at 4◦C until being analyzed.

2.2. Equipment

Determination of the derivatized analytes was carried out
by GC-MS or GC-MS/MS using a Varian CP-3800 CX gas
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is of different groups of polar organic compounds in w
amples[17–19]. In fact, a few years ago, Okeyo et al.[20]
ave already demonstrated the possibility of performing
erivatization of estrone and 17�-estradiol in a SPME fibe
sing bis-(trimethylsilyl) trifluoroacetamide (BSTFA). Ho
ver, their work was mainly focused in biological samp
nd thus both compounds were determined at high co

ration levels.
The objective of this study is to evaluate the possibilit

ombining SPME, followed by on-fiber derivatization, a
as chromatography for the determination of several na
nd synthetic estrogenic hormones in water samples at th
g/l level. Analytes were first incorporated in a polar SP
ber and then derivatized using MSTFA. Influence of
raction and derivatization conditions on the efficiency of
hole analytical procedure is systematically studied. De

ion limits are compared with those obtained after solid-p
oncentration of large sample volumes, purification of
xtract and silylation of the analytes with the same reag

. Experimental

.1. Standards, reagents and samples

Standards of diethylstilbestrol (DES), estrone (E1), 1�-
stradiol (E2), 17�-ethinylestradiol (EE2) and mestran
MES) were obtained from Aldrich (Milwaukee, WI, USA
euterated 17�-estradiol (d4), (E2d4), deuterium was intro
uced in positions 2, 4 and 16, was purchased from C
ridge Isotope Laboratories (Andover, MA, USA). Dilu
hromatograph (Walnut Creek, CA, USA) equipped wi
plit–splitless injection port and connected to an ion-
ass spectrometer (Varian Saturn 2000). Chromatogr

eparations were achieved using a BP-5 type capillary
mn (30 m× 0.25 mm i.d.,df : 0.25�m) obtained from Var

an. Helium was used as carrier gas at a constant flo
.0 ml/min. The GC oven was programmed as follows: 5
t 50◦C, first ramp at 20◦C/min to 220◦C (held for 17 min)
econd ramp at 20◦C/min to 250◦C (held for 20 min). Th
C-MS interface and the ion trap temperature were set a
nd 200◦C, respectively. SPME fibers were desorbed du
min, in the splitless mode, using the following tempe

ures: 250◦C for PDMS and PDMS-DVB, 280◦C for PA and
AR-PDMS, and 220◦C for CW-DVB coated fibers. Mas
pectra were obtained using the electron impact ioniz
ode (70 eV). MS/MS fragmentation conditions were o
ized in a previous paper[10]. m/z ratios used for quantifi

ation of the completely silylated analytes were 412 (D
42 (E1), 416 (E2), 420 (E2d4), 425 (EE2), and 367 (MES
sing MS detection and 383 (DES), 257 (E1), 285 +
E2), 287 + 330 (E2d4), and 193 (EE2, MES) for MS/M
etection.

.3. Sample preparation

Samples (100 ml) were adjusted to pH 6, spiked with
nternal surrogate E2d4, and placed in 115 ml glass vials co
aining a stir bar and 300 mg of sodium chloride per m
ater. The vial was closed and a PA fiber was dipped

he sample. After finishing the microextraction step, it
xposed to the headspace of a 1.5 ml vial containing 50�l of
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MSTFA. On-fiber derivatization was carried out at 60◦C for
30 min.

Concentrations of the analytes in spiked and non-spiked
samples were normally determined with the standard addition
procedure. The ratio analyte peak area/E2d4 peak area was
plotted versus the concentration of each compound added to
the microextraction vessel. Additionally, the possibility of
quantifying E2 in sewage water samples using the isotopic
dilution technique was also considered.

3. Results and discussion

3.1. Evaluation of on-fiber derivatization conditions

Initial experiments were performed using a PA fiber. After
its exposition to water samples, spiked with the estrogenic
hormones, the influence of derivatization time (from 10 to
60 min) and temperature (from 40 to 80◦C) on the yield of the
on-fiber silylation was investigated using GC-MS detection.
In all cases 50�l of MSTFA were employed. The behavior
of the analytes followed two different patterns. Peak areas
corresponding to the silyl derivatives of DES, E1 and E2 were
scarcely affected by the operating conditions. As shown for
E2 (Fig. 1A), only in case of long derivatization times using
a high temperature (80◦C) a significant decrease in the peak
a nder
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Fig. 1. Influence of derivatization time and temperature on the efficiency of
on-fibre silylation. A 50�l of MSTFA were used in all experiments. (A) Plot
of peak areas for E2 as silylated compound. (B and C) Plots of peak areas
for EE2 as mono and di-silylated derivatives, respectively.

3.2. Optimization of microextraction conditions

3.2.1. Fiber coating
The effect of the fiber coating on the yield of the extrac-

tion was evaluated using spiked Milli-Q water samples (ca.
500 ng/l). The extraction time was fixed at 40 min and deriva-
tization was performed using conditions optimized for the
PA fiber. In all cases only one peak (with the exception of
DES) was obtained per compound. The highest responses
were achieved using the polar PA fiber. The extraction effi-
ciency of the PDMS-DVB one was a 70% lower and, glob-
ally, even poorer results were achieved with the CAR-PDMS
and the PDMS fibers. The efficiency of the CW-DVB fiber
could not be evaluated since it resulted extremely unstable
when submitted to the proposed method. After two or three
extraction–derivatization cycles the coated phase became de-
tached from the silica core.

3.2.2. Stirring, pH and sodium chloride
Influence of these factors on the yield of the microextrac-

tion was evaluated using a factorial experimental design at
rea of the silylated compound was observed. Probably, u
hese conditions E2 was partially desorbed from the PA fi
xtra peaks corresponding to non-silylated (E1) or mo
ilylated species (for DES and E2) were not observed, fi
ot shown. However, in the case of DES two peaks

he same mass spectra, corresponding to thecis and trans
somers, were obtained[10–11].

In contrast to this behavior, the yield of the on-fiber der
ization for EE2 and MES was heavily affected by time
emperature conditions. Short exposition times at low
eratures led to the incomplete silylation of both analy

n these conditions, two peaks were obtained for each
ound. In the case of MES they corresponded to the de

ized (base peakm/z 367) and non-derivatized compou
base peakm/z310). For EE2 one peak corresponded to
ilylation of both hydroxyl groups contained in its struct
base peakm/z425) and the other one to the mono-silyla
pecie (base peakm/z 368). The increase in the derivatiz
ion time and temperature produced a diminution in the p
rea of the monosilylated EE2 (Fig. 1B), at the same tim

hat the response for the fully derivatized (di-silylated) c
ound raised (Fig. 1C). The same behavior was obser

or MES, figure not shown. Optimal on-fibre silylation tim
nd temperature were fixed at 30 min and 60◦C, respectively
ariations in the volume of MSTFA, from 20 to 100�l, did
ot affect the yield of the derivatization; thus, it was ma

ained in a medium value (50�l). Under optimal silylation
onditions, peak areas for the non-derivatized MES an
ono-derivatized EE2 represented less than 2–3% of

orresponding to the silylated compounds.
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Table 1
Experimental domain and standardized main effects for the factors considered in the experimental factorial design

Factor Low level High level Standardized main effect

DES E1 E2 MES EE2

pH 4 8 −2.3 −0.36 −0.32 −3.08 −1.39
NaCl (mg/ml) 0 300 4.76a 6.69a 6.29a −2.20 3.21a

Stirring Without With 9.74a 8.61a 8.80a 12.08a 8.31a

a Statistically significant factors at the 95% confidence level.

two levels (23) with two central points. Low and high levels
for those factors, together with their normalized main effects
are given inTable 1. Stirring was the most important factor
with a significant and positive effect on the yield of the mi-
croextraction, especially for the samples spiked with sodium
chloride. The addition of sodium chloride also showed a pos-
itive and significant influence on the microextraction effi-
ciency, except in the case of MES. Regarding sample pH, the
highest efficiency was achieved at pH 4; however, the effect of
this factor was not statistically significant (95% confidence
level) (Table 1). Addition of sodium chloride (300 mg/ml),
pH 6 and magnetic stirring (400 rpm) were fixed as working
conditions. After extraction, and previously to the silylation
step, the fiber was exposed during 2 min to Milli-Q water
in order to remove the excess of sodium chloride from its
surface.

3.2.3. Sample volume
The influence of the sample volume on the amount of each

compound concentrated on the PA fiber was evaluated using
vials with capacities of 10, 20, and 115 ml. Considering an
extraction time of 30 min, twice higher signals (peak areas)
were obtained for the 115 ml vessels than for the 10 ml ones.
Therefore, 100 ml samples (containing 30 g of NaCl) were
employed in further experiments.
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3.2.5. Performance of the analytical procedure
The linearity of the method was investigated using Milli-

Q water samples spiked with the estrogenic hormones at five
concentration levels from 5 to 500 ng/l. E2d4 was also added
to all samples at 25 ng/l and used as internal surrogate. Cor-
relation coefficients (r2) from 0.994 to 0.999 were obtained
(Table 2). Relative standard deviations of the method ranged
from 1 to 12% (Table 2). Quantification limits from 0.2 to
3 ng/l were achieved for all species using MS/MS detection.
These values are similar than those previously reported by our
group after the solid-phase extraction of 1 l samples[10], and
20 times lower than the value reported for EE2 by Braun et
al. [16] using a PA fiber but, without introducing the on-fiber
derivatization step.

Accuracy was estimated using river water spiked with the
analytes at 25 ng/l. Samples were stored overnight at 4◦C and
the concentration of each hormone determined using the stan-
dard addition method. Found values ranged from 80 to 120%

Fig. 2. Kinetic curves for the direct microextraction of estrogens using a PA
fiber. Samples were adjusted to pH 6 and 300 mg of sodium chloride per ml
added.
.2.4. Sampling and desorption time
The effect of sampling time in the yield of the micro

raction is shown inFig. 2. In agreement with other publish
esults[16] the kinetic of the extraction was very slow, es
ially for MES and EE2, which presented equilibrium tim
onger than 2 h. Despite of these results, the microextra
ime was adjusted to 60 min in order to limit the durat
f the sample preparation step. Memory effects in the
ber, after a desorption step of 5 min at 280◦C, were in-
estigated in order to detect the presence of derivatize
on-derivatized species in the coating. In the first case
ber was desorbed twice after an extraction–derivatiza
ycle. In the second one, after a first desorption, the fibe
xposed again to a fresh aliquot of the silylation reagen
oth situations between 2 and 5% of the compounds wer

ected in the second fiber desorption; therefore, it seem
emory effects are mainly due to silylated species. To a

ontamination problems during the analysis of samples
aining different concentrations of the estrogenic compou
bers were additionally heated at 280◦C for 5 min betwee
onsecutive injections.
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of the spiked concentrations with relative standard deviations
around 10% (Table 2).

Matrix effects were investigated using different water sam-
ples previously adjusted at pH 6 and filtered. After addition
of the analytes (1 ng/ml), they were immediately submitted to
extraction–derivatization procedure (n = 3 replicates). Sim-
ilar responses were obtained for all compounds in case of
ultrapure and river water; however, matrix effects were ob-
served for sewage water (Fig. 3). In the case of E1, E2 and
EE2, the most polar compounds (logKow 3.7, 4.1 and 4.5,
respectively) a moderate decrease in the yield of the process
was observed. For DES (logKow 5.9) and MES (logKow 5.2),
a dramatic decay was observed, especially for non-treated
waste water. Probably, in presence of a high amount of dis-
solved organic matter, the diminution of the partition coef-
ficients between the fiber and the sample (kfs) is most acute
for the less polar compounds.

3.3. Analysis of real samples

The method was applied to the determination of estrogenic
hormones in treated sewage waters. Two samples were taken
in September (S1) and December 2003 (S2). After reception
they were adjusted at pH 6, filtered, spiked with a solution of
E2d4 and analyzed in the same day (Fig. 4). Estrone and 17�-
e ation
l .3
0
S for
t ration
s

3
d

trix
e re,
p con-
s the
r d be
s sub-
m tion
( and
i s. In
c ess-
f llic
s sam-
p ic
a im-
p

tify
t wage
w pu-
r om-
p d for
b 2d
stradiol were found in both samples above the quantific
imits of the proposed method. Found concentrations (17±
.9, S1; 8.1±1.1, S2, ng/l for E1 and 7.6± 1.6, S1, 5.0± 0.5,
2, ng/l for E2) are similar to those previously reported

he same treatment plant, using a different sample prepa
trategy[10].

.4. Quantification of 17�-estradiol using isotopic
ilution

Efficiency of SPME methods can be affected by ma
ffects (Fig. 3) and the by the age of the fiber; therefo
roper quantification should performed using the time
uming standard addition technique. Thus, in addition to
eplicates of the original sample, different aliquots shoul
piked with growing concentration of the analytes and
itted to the microextraction procedure. The isotopic dilu

ID) technique avoids the preparation of spiked samples
mproves the precision and the accuracy of the result
ombination with GC-ICP MS, ID has been already succ
ully applied to the determination of labile organometa
pecies which can be partially decomposed during the
le preparation step[21]. However, in the field of organ
nalysis, using MS or MS/MS detection with electronic
act ionization, the use of ID is not very frequent.

In this section of the article, ID was used to quan
he concentration of E2 in the above considered se
ater samples (S1 and S2). In order to determine the

ity of deuterated estradiol and also to investigate if c
letely independent detection channels could be achieve
oth species, silylated individual standards of E2 and E4
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Fig. 3. Influence of the water matrix on the yield of the microextraction. Samples were spiked (1 ng/ml level) after filtration and previously to the microextraction
step. Signals (peak areas) for MES and EE2 were multiplied by a factor of 10, to obtain the same scale for all compounds.

(500 ng/ml), were prepared in ethyl acetate[10] and analyzed
using MS/MS detection. Parent ions 416 (E2) and 420 (E2d4)
were isolated with a window of±1 m/z unit. E2 and E2d4
signals were integrated using them/zratios of 326 and 330, re-
spectively. In the case of E2d4, no signal was detected when
the chromatogram at 326m/z was monitored. For the na-
tive estradiol (E2) the signal recorded at 330m/z represented
around 0.2% of the peak area at 326m/z. It was assumed
that the E2 response at 330m/zwas the result of the natural
abundance of the13C isotope (around 1%) and the limited
capability of the mass spectrometer to isolate the E2 parent
ion (m/z 416). Anyhow, unless the concentration of the na-
tive estradiol in the sample was much higher than that of the
deuterated compound, the contribution of this interference
to the final result was small and it was not considered for
further calculations. Therefore, assuming that the response
of the GC-MS/MS system is the same for the native and the
deuterated 17�-estradiol, the concentration of the analyte in

1.1 ng/l

the sample could be calculated using the following simplified
equation:

E2conc (ng/l) = Peakarea(326m/z)

Peakarea(330m/z)

272.4

276.4
E2d4 conc(ng/l)

Being 272.4 and 276.4 the molecular weights of E2 and E2d4,
respectively; and E2d4conc the concentration of the deuter-
ated 17�-estradiol in the SPME vial.

Measured E2 concentrations, 7.85± 0.05 ng/l (S1) and
5.34 ± 0.09 ng/l (S2), showed an excellent agreement
with those obtained using the standard addition method
(Section 3.4). The best precision, and the smallest experi-
ment effort, were obtained by ID. Obviously, the validity
of the above proposed simplified equation should be tested
for the rest estrogens using their corresponding isotopic la-
beled species. Theoretically, the bigger the difference be-
tweenm/z ratios of the parent ions for native and labeled
species, the lower the possibility to found cross contributions
Fig. 4. GC-MS/MS chromatogram showing the peaks of E1 (8.± 1
 ) and E2 (5.0± 0.5 ng/l) in a real, non-spiked sewage water sample.
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to the peak areas of their daughter ions in the MS/MS chro-
matograms.

4. Conclusions

An alternative SPME sample preparation method for the
determination of five estrogenic hormones in water samples
has been developed. The inclusion of the on-fiber deriva-
tization step provided a considerable improvement on the
achieved sensitivity in comparison to previously published
SPME methods. Moreover, quantification limits are similar
to those reported for SPE methods. The study of matrix effects
demonstrated that the method is applicable for the determina-
tion of all the compounds in surface and sewage water, with
the exception of DES and MES in non-treated sewage water.

Considering E2 as a model compound and using GC with
MS/MS detection, isotopic dilution analysis has proved to be
an attractive alternative to the standard addition technique,
improving the precision of the results and reducing the exper-
imental effort. Simplified isotopic dilution equations can be
used under the condition that completely independent chan-
nels were obtained for MS/MS detection of daughter ions
from the native and the labeled species.
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