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Abstract

Ahigh performance liquid chromatographic method (HPLC) for the simultaneous determination of 4-nonylphenol, bisphen@tAirly?
lestradiol and three endogenic estrogens including-&3tradiol, 1B-estradiol, estriol in urine sample, based on precolumn derivatization
with p-nitrobenzoyl chloride, is presented in this paper. The estrogens mentioned above in urine were firstly hydrolyzed with 0.6 mol/l
HCI, and then enriched and cleaned-up by ENV-18 C18 solid phase extraction (SPE) column. The estrogens on column were eluted with
dichloromethane, and the eluent was evaporated to dryness under gentle nitrogen flow. The residue was allowed tqredobbétizoyl
chloride at 25C for 30 min. Separation was performed on a C18 column with gradient elution using acetonitrile and water as mobile phase.
A fluorescence detection system was used to detect the fluorescent derivatization products. The detection limit of the methpd/vas 2.7
for bisphenol A and 1@3-estradiol, 2.9.g/l for 4-nonylphenol, 4.¢.g/l for 17a-estradiol and 1&-ethinylestradiol and 8.3.g/1 for estriol,
respectively. The relative standard deviations (R.S.D.) ranged from 1.29 to 4.52% and the recoveries ranged from 85.5 to 99.9%. The method
was applied to the determination of those six estrogens mentioned above in human urine samples collected from 20 healthy volunteers (aged
21-29). Bisphenol A (BPA) and 4-nonylphenol (NP) were detected with average contents df 1.38 mg/l and 0.38 0.77 mg/l in 10
male urine samples and 1.291.22 mg/l and 0.05 0.05 mg/l in 10 female urine samples, respectivelyr-Ethinylestradiol ¢-EE2) was
also detected with average contents of G18.41 mg/l and 0.06- 0.15 mg/l in male and female urine samples, respectively.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction vironment, such as river water and sewage sludge, and also
in fish tissue[1-5]. Bisphenol A (BPA) is mainly used in
Chemicals that disrupt endocrine functions have beenthe manufacture of polycarbonate plastics and epoxy resins.
found in the environment and are linked to adverse effects It is of great concern that they are used as food and bever-
on the reproductive system in wildlife and human. Many age containers and as the lining of metal cans, from which
of these chemicals can bind to the estrogen receptors andBPA leaches into foof6]. More recently, many reasonable
initiate the estrogen receptor-mediate in vitro. Although suspicions have been raised concerning the environmental
environmental exposure to these chemicals has the potenimpact of 1&-ethinylestradiol §-EE2), a synthetic contra-
tial to disrupt reproductive function, the actual impact on ceptive chemical as well as the endogenous estrogens, such
the reproductive health has not been defined thoroughly.as 1PB-estradiol B-E2),17%-estradiol &-E2), estriol(E3)
4-Nonylphenol is the biodegradation metabolite of the and estrone(E1) excreted by humans and animals that occur
non-ionic surfactants that has been shown to exist in the en-in environmental watef7].
The metabolism of estrogens has been investigated both in
vivo and in vitro. The results suggested that these estrogens
* Corresponding author. Tek:86 28 85501301. f’:lbsorbe_d by the ir_1testine are glucuronidated and s_ulphated
E-mail address;gunchjgg@yahoo.Com (C. Sun). in the liver and k|dney and excreted as glucuror"de and
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sulphate in the urine. Therefore, urinary estrogens may be aacetonitrile was purchased from Tedia (Tedia Company,

good marker to estimate exposure levels of these estrogensinc., USA). All other reagents and solvents were purchased
In recent years, many novel analytical techniques, such from domestic with analytical reagent grade. Water used in

as LC-MSJ8], GC-MS|[9] and other techniqueld0-12] this study was from a Milipore pure water system (Millipore

have been developed for the determination of estrogens inCo., France). Methanol and water were used to activate the

water, sediment, tissue and plasma. However, few studiessolid phase extraction (SPE) columns prior to clean up the

are available for the quantitative analysis of estrogens in sample solution.

human urine. Moreover, most reported methods could only

simultaneously determine not more than four estrogens.2.2. Instrumentation

In liquid chromatographic analysis of estrogens with fluo-

rophores, the detection limits of fluorescence detection are The HPLC system HP1100 (Agilent Technologies Co.

generally one or two orders of magnitude higher than those Ltd., USA) was equipped with a fluorescence detector and

of UV detection, and quantitation of nanogram to pictogram a workstation for data treatment. The column used was a

amount of them is possible, even in complex matrices. But phenomenéX Luna C18, jum, 250 mmx 4.6 mm (Phe-

most of estrogens have no native fluorescent properties,nomenex, Torrance, CA, USA) with a phenoméefguard

so a derivatization reaction is necessary prior to analysis column, 4 mm length< 3mm i.d. (Phenomenex, Torrance,

to introduce fluorescent fluorophores into the molecules.
Watanabe et al[13] reported a fluorescence detection
method with 4-(4,5-diphenylH-imidazol-2-yl) benzoyl

chloride for determination of trace levels of BPA in plasma

CA, USA). A 12-port SPE vacuum manifold (Supelco
Visiprep DL, USA), a vacuum pump and 3ml reversed
phase SPE cartridges containing C18 sorbent (ENVI-18,
Supelco, 57063) were used to extract and clean up the urine

samples and Naassner et @l4] used Dansyl chloride as

a fluorescence label for determination of NP and BPA in
sewage sludge. Katayama and Tanigydhi] developed a
method to detect E1, E2, E3 and EE2 in plasma sample
using 2-(4-carboxyphenyl)-5,6-dimethylbenzimidazole as The time program for the wavelength switching of fluo-
a fluorescent label. But in these reported methods, somerescence detector was that from start to 8.5 min, the exci-
other reagents must be added to accomplish the fluorestation wavelength and the emission wavelength were set at
cence reaction and concomitantly many outgrowths would 282 and 315 nm, respectively and from 8.5 to 20 min, they
be producedp-Nitrobenzoyl chloride is a good fluorescent were set at 228 and 316 nm, respectively. The chromato-
derivatization reagent which can easily react with hydroxyl graphic separation was performed on a column of 250xnm
and phenolic hydroxyl group of an organic chemical with- 4.6 mm (phenomené&x USA) with a phenomené& guard

out addition other reagents and the reaction condition is alsocolumn (4.0 mm lengtlx 3mm i.d.). A mobile phase gradi-
not rigid. In the present study, we employeaitrobenzoyl ent elution program with solvent A (acetonitrile) and solvent
chloride as a fluorescent derivatization reagent to intro- B (water) was applied at a flow-rate of 1.0 ml/min. The gra-
duce fluorophore into the target estrogens molecules, fol- dient program started with 30% of acetonitrile and then in-
lowed by separation with a reverse-phase C18 column creased linearly to 70% of acetonitrile in 12 min. From 12 to
and detected with fluorescence detector. The method is12.3 min, mobile phase A was increased linearly to 100% of

samples.

2.3. Operating conditions

applicable to the determination of 4-nonylphenol, bisphe-
nol A, 17a-ethinylestradiol, 1&-estradiol, 1B-estradiol
and estriol simultaneously in human urine samples with
satisfactory results.

2. Experimental
2.1. Chemicals and reagents

4-Nonylphenol, bisphenol A, I#ethinylestradiol,
17«-estradiol, 1B-estradiol and estriol were purchased
from Sigma (St. Louis, MO, USA). Estrogens were dis-
solved respectively in methanol to yield a 1.00 mg/ml stock
solution. All of the estrogens were mixed and diluted with
methanol to get a working solution containing each estro-
gen at 1Qug/ml. p-Nitrobenzoyl chloride was purchased
from Acros Organics (New Jersey, USA) and dissolved in
acetonitrile to yield a solution of 0.20 g/ml. (HPLC)-grade

acetonitrile and this condition was held until 20 min. From
20 min, the elution program returned to initial condition and
held for 20 min. The column temperature was maintained at
25°C during analysis.

2.4. Sample preparation

Urine samples were collected from 20 health volunteers
aged 21-29 (including 10 men and 10 women) at arbitrary
time of a day. All samples were stored and frozenr-20°C
until analysis. Estrogens in urine mainly conjugated with
glucuronic acid or sulfuric acid, so that the urine samples
must be enzymatic or chemical hydrolyzed to release the
conjugates before extraction. We adopted chemical hydrol-
ysis because it is much simpler and less time consuming
than the enzymatic hydrolysis procedure. We also used SPE
columns to extract and clean up the samples for its simplic-
ity, as well as the cartridge only require a small amount of
organic solveni8].



L. Mao et al./Analytica Chimica Acta 522 (2004) 241-246 243

2

TR

a0 4

704

e 34

50 4

40 4 1 B
30 4

20 4

10 4 Ik

o \LA T T I| T L I‘ T T ‘I
0 2 4 5 g 10 12 14 16 13 min

Fig. 1. The chromatogram of standards: (1) estriol, E3: 6.1 min; (2) bisphenol A, BPA: 11.3 min; §®stradiol,3-E2: 11.7 min; (4) 1&-estradiol,
a-E2: 12.2 min; (5) 1é&-ethinylestradiol, EE2: 12.8 min; (6) 4-nonylpheonl, NP: 17.9 min.
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Fig. 2. The chromatogram of a urine sample. The peak identifications are same asRhnatln

Into 0.50 ml of urine sample, 0.50 ml of methanol and 3. Results and discussion

0.05 ml of concentrated hydrochloric acid were added. And

then let the sample stand for 1 h in the incubator ofG@or 3.1. Optimization of the LC—FLD conditions

hydrolysis. The hydrolyzed solution was adjusted to pH 3.0

with 5mol/l sodium hydroxide. SPE cartridges were condi-  The chromatographic conditions were carefully studied
tioned prior to use by the sequential addition of methanol in order to find a suitable mobile phase with high resolu-
(4ml) and water (4ml). The cartridges were eluted with tion of the estrogen fluorescent derivatives without quench-
dichloromethane (4 mk 2), and the eluent was evaporated ing of their fluorescence. Mobile phases including methanol
to dryness under gentle nitrogen flow. For recovery experi- and acetonitrile with different eluting programs were tested.
ments, suitable amount of the estrogens was spiked into theAcetonitrile was found more suitable for the purpose and the

urine samples before extraction. linear gradient elution could give a satisfactory separation
in less than 20 min. Through scanning the excitation wave-
2.5. Derivatization length and emission wavelength of E2 and E3 were found to

be 282 and 315 nm, respectively, and that for BPA, NP, EE2

p-Nitrobenzoyl chloride—acetonitrile solution (0.10 ml of were 228 and 316 nm, respectively. It is not easy to switch
0.2 g/ml) was added into the sample residue and let it standthe wavelength because the peaks of BPA @ukeR, as well
for 30min at ambient temperature (25), then 0.40ml as those ofv-E2 and EE2, were close to each other. In this
acetonitrile—water (30:70) was added and vortex agitated for study, we focused on the environmental estrogens, whose
1min. The supernatant (20) was injected into the chro-  contents usually lower than thoseE2, a-E2 and EE2, so
matographic system for analysis. To establish a standardwe set the excitation wavelength and emission wavelength at
curve, a mixture of the target estrogens was subjected to the282 and 315 nm, respectively at the beginning, and switched
same procedure as described abévg; 1andFig. 2are the to 228 and 316 nm at 8.5min even the retention times for
chromatograms of standards and urine sample, respectivelyB-E2, a-E2 and EE2 were later than 11 min.

2.6. Quantification 3.2. Derivatization conditions

Estrogens were identified by the retention time of the  17a-Estradiol, 1B-estradiol and 1a-ethinylestradiol and
main peak defined by chromatogram of standard estrogensestriol are non-fluorescence or weak fluorescence estrogens,
The estrogen contents were measured through regressiorso they cannot be directly determined by fluorescence de-
equation of estrogen content against its peak area. tection. We usegb-nitrobenzoyl chloride as the fluorescent
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drous condition. The reaction equation is describef€ign 3. 200 |
To optimize the reaction conditions, we studied the reaction 0 ' '
time and the reaction temperature. 4 25 1rc 50 70

. . . Fig. 5. The influence of derivatization temperature on peak area:

3.2.1. Optimization of the reaction time (1) estriol; (2) bisphenol A; (3) 1F-estradiol; (4) 1l&-estradiol; (5)

We examined the effect of the reaction time on the fluo- 17a-ethinylestradiol; (6) 4-nonylphenol.
rescence intensity of target estrogens. The results are shown
in Fig. 4 From theFig. 4, we can conclude that between
10 to 30 min, the fluorescence intensity of target estrogens©f estrogens, including the conjugation and deconjugation
has reached maximum. When the reaction time exceededestrogens. Therefore, the sample must be hydrolyzed prior
30 min, the fluorescence intensity became weaker gradually.to analysis. Two methods of hydrolysis have been reported,

In the Study’ we fixed the reaction time in 30 min. which involved in enZymatiC hydrOlySiS and acidic hydr0|'
ysis. This study selected the latter because it is simple and
3.2.2. Optimization of the reaction temperature timesaving.

The reaction temperature had a significant influence on  Under the acidic condition, the conjugated estrogens were
the production and the stability of the fluorescent derivatives. Nt stable, and apt to dissociate to free estrogens. We de-
FromFig. 5, we can see that the peak area remains maximumsigned an orthogonal experiment including three factors and
when the reaction temperature was at the range of 4c50  four levels. The factors and levels were the concentrations

In this study, the derivatization reaction was conducted at of hydrochloric acid (0.20, 0.60, 1.00, 2.00 mol/l), the tem-
room temperature (25). perature of hydrolysis (25, 50, 70, 180), and the hydrol-

ysis time (10, 30, 60, 120 min), respectively. According to
the experimental results, we found that the temperature and
the concentrations of hydrochloric acid have notable effect
on the efficiency of hydrolysis while the effect of the time is

Estrogens are present in biological tissue and fluids mainly "0t 0bvious. The hydrolysis efficiency increased untifC0
as water-soluble conjugates with high polarity, i.e. estrogen @nd then decreased. The area of peak reached to maximum

sulfates and glucuronides, instead of free compounds. It wasWhen the acidity was about 0.6 mol/l. When the hydroly-
reported that estrogens were excreted mainly as glucuronides?'S t!me was 60 min, _the area of peak yvould reach to the
and the content of estrogen sulfates in human urine was veryMaximum, and the efficiency of hydrolysis would not be re-
low. And the content of free estrogens reported was less thanTarkably affected when the hydrolysis time was between 50

10%[6,8]. This method aimed at detecting the total amount @nd 70 min. In this study, we added 0.05ml of concentrated
hydrochloride acid and 0.50 ml of methanol into 0.50 ml of

urine sample, the final concentration of hydrochloride acid
2000 in the sample solution was about 0.6 mol/l. Methanol in the
18001 sample solution can increase the solubility of the estrogens,

3 1500'% so could speed up the hydrolysis process. The temperature
£ 1400 T
<

and time of hydrolysis we used were 70 and 60 min, re-

5
1
2 120033:—_9('<:>.>< ° spectively
£ 1000 | 4 '
3

3.3. Optimization of the hydrolysis condition of urine
sample

r
g0 & A—

600 T 3.4. Method performance
400 1
200 1 The method performance was evaluated by the determi-
0 ' ‘ ' nation of the linearity, sensitivity, precision and accuracy of
10 30 t/min 60 120

the method. A 2@l volume of standard mixture of BPA,

Fig. 4. The influence of derivatization time on peak area: (1) estriol; (2) NP’ EEZ] E18-E2, a-E2 with different (_;onc_emratlon was
bisphenol A; (3) 1B-estradiol; (4) 1&-estradiol; (5) 1&-ethinylestradiol; injected into the HPLC system, and calibration curves were
(6) 4-nonylphenol. constructed by plotting the peak areas against the concen-
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Table 1

Calibration curves of E3, BPA, BFE2, 1%-E2, 1%-EE2 and NP

Chemical Equation Correlation coefficienty (
Estriol (E3) Y =324.8X +5.95 0.9998

Bisphenol A (BPA) Y =938.1X + 31.4 0.9996

17B-Estradiol (3-E2) Y =681.K + 19.97 0.9996

17«-Estradiol (-E2) Y =642.4 4 16.67 0.9997
17a-Ethinylestradiol &-EE2) Y =551.K + 19.27 0.9995

4-Nonylphenol (NP) Y =714.8 4+ 21.81 0.9996

In the equationX denotes the concentration of estrogens &rdknotes the peak area.

Table 2
The detection limit, repeatability and recoveries of the method
Estrogens Detection limitp@/l) R.S.D. (%) Recovery (%)
Estriol (E3) 8.3 1.29 94.4
Bisphenol A (BPA) 2.7 3.92 95.9
17B-Estradiol ¢-E2) 2.7 3.31 85.5
17a-Estradiol ¢-E2) 4.6 2.60 97.6
17a-Ethinylestradiol &-EE2) 4.6 2.99 99.9
4-Nonylphenol (NP) 2.9 4.52 92.6
Table 3
The contents of six estrogens in 20 urine samples §)
Estrogens Male (10 cases) Female (10 cases)
Content range X +s (mgll) Percentage of Content range X+ s (mgll) Percentage of
(mg/l) detection (%) (mgll) detection (%)

Estriol (E3) nd-1.81 0.224 0.57 30 nd-2.18 0.774+ 0.83 90
Bisphenol A (BPA) né-3.95 1.224+ 1.38 60 0.03-3.74 1.29 1.22 100
17B-Estradiol ¢-E2) nd no 0 0.01-10.64 2.24F 4.30 100
17«-Estradiol (-E2) nd nd® 0 ncf-0.15 0.04+ 0.05 70
17a-Ethinylestradiol &-EE2) nd¢-1.30 0.13+ 0.41 10 nd-0.49 0.06+ 0.15 20
4-Nonylphenol(NP) n#-2.26 0.384+ 0.77 50 nd-0.14 0.05+ 0.05 70

a8 nd < 8.3ug/l.

b nd < 2.7pgll.

¢ nd < 4.6pg/l.

d nd < 2.9ug/l.

trations for each chemical (0—1Qu@/ml). Satisfactory lin- the samples. BPA and NP were detected with high per-
earity was obtained with > 0.9991 for all the target com- centage in all urine samples of both men and women.

pounds Table J. 17B-Estradiol, 1'&-estradiol and estriol have been detected
The detection limits of the target compounds, defined as in 100, 70 and 90% of women urine samples, respectively.
a signal-to-noise ratio of 2, are listed in thable 2 And 17a-Ethinylestradiol was detected only 10 and 20% in men

the recoveries of estrogens were determined by spiking toand women urine samples, respectively. There are few stud-
urine different levels of standard mixture (0.40, 0.80 and ies on the detection of BPA and NP in the urine samples.

1.60pg/ml). Recoveries of the estrogens ranged from 85.5 Ouchi and Watanabf.6] reported using HPLC-ED to de-

to0 99.9%. The repeatability of the method was evaluated by tect the BPA glucuronide in the urine samples and found

the analysis of five replicates of the samples spiked with a to be 0.2-19.1 ng/ml (i.e. 0.0002—-0.0191 mg/l) in urine of

standard mixture of the six estrogef@kle 2. 48 women college students. Inoue et HI7] employed
column-switching LC with an electrospray MS detector
3.5. Application to human urine samples coupled with on-line extraction, enzymatic deconjuga-

tion and creatinine correction for the detection of NP and
Twenty healthy volunteers including 10 men and 10 4-tert-octylphenol (OP), and found the urinary NP levels
women were enrolled for collecting urine samples in this in the healthy volunteers varied from0.3 to 0.96 ng/ml
study. The six estrogens in all the samples were analyzed(i.e. <0.0003—0.00096 mg/l). The very high NP contents in
with the established method. As indicatedTiable 3 all the urine samples of our experimental subjects are perhaps
six target estrogens have been detected in part or most oftheir higher level exposure to NP.
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