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Abstract

A high-sensitivity analytical method that uses stir bar sorptive extraction (SBSE) with in situ derivatization and thermal desorption (TD)-gas
chromatography—mass spectrometry (GC—MS) for the simultaneous measurement of trace amounts of phenolic xenoestrogens (PXs), suct
as 2,4-dichlorophenol (DCP), tért-butylphenol (BP), 4ert-octylphenol (OP), 4-nonylphenol technical isomers (NP), pentachlorophenol
(PCP) and bisphenol A (BPA), in human urine samples was developed. The urine sample (1 ml) was de-conjugatedf®yghadiranidase
and sulfatase. Then, protein precipitation was performed by the addition of acetonitrile. After centrifugation, the supernatant was diluted with
purified water and subjected to SBSE with in situ derivatization and TD-GC-MS. The detection limits of DCP, BP, OP, NP, PCP and BPA in
the urine samples were 20, 10, 10, 50, 20 and 20 pg (pipt), respectively. The calibration curves for PXs were linear and had correlation
coefficients higher than 0.99. The average recoveries of those analytes in the urine samples were higher than 95% (RSB 6% 0095,
correction using the added surrogate standards. This simple, accurate, sensitive and selective method can be used in the determination of PX
in human urine samples.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction (PXs) are expected to end up primarily in the aquatic en-
vironment via river and sewage, in contrast to phytoestro-
A number of non-steroidal anthropogenic chemicals are gens. Recent work has shown that although normally only
known to mimic the effects of J¥estradiol, a natural estro- female fish produce vitellogenin, an increase in plasma vitel-
gen. Xenoestrogens with markedly different chemical struc- logenin levels was detected in wild male fish thriving in rivers
tures have been identified in vitf@—5] and in some cases, polluted by PXg11-15] Furthermore, as large amounts of
in vivo [6-10]. Many xenoestrogens, including those inves- PXs exist in our environment, healthy humans may be ex-
tigated in this work, possess a phenolic group. Because ofposed to them via a variety of daily activities. Therefore, the
their widespread application as industrial chemicals, often risk assessment of PXs is important issue. Previous studies
in the form of an aqueous solution, phenolic xenoestrogenshave noted that PXs are released in urine as glucuronides
or sulfates, and the extent of conjugation depends on the
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such PXs as 2,4-dichlorophenol (DCP)tett-butylphenol 2. Experimental

(BP), 4+tert-octylphenol (OP), 4-nonylphenol technical iso-

mers (NP), pentachlorophenol (PCP) and bisphenol A (BPA) 2.1. Materials and reagents
in human urine samples.

Analytical methods for the simultaneous measurement of DCP, BP, OP, NP, PCP and BPA of environmental an-
PXs in human biological samples are lacking. On the other alytical grade and acetic acid anhydride for trace anal-
hand, the analytical methods for the determination of BPA ysis were purchased from Kanto Chemical Inc. (Tokyo,
in human biological samples have been reported, includ- Japan). Deuterium BP (a mixture in which the hydrogen
ing liquid chromatography (LC) with electrochemical de- of BP was replaced with 11-14 deuterium) (BP-d), deu-
tection (ED), fluorescence detection (FD) and mass spec-terium OP (a mixture in which the hydrogen of OP was
trometry (MS)[20-23] However, LC has low resolution and  replaced with 1-12 deuterium) (OP-d), and 4-(1-methyl)
is frequently affected by the sample matrix. Especially, it octylphenol-@ (m-OP-d&;) surrogate standards were pur-
is reported that the sensitivity is decreased by ion suppres-chased from Hayashi Pure Chemical Inc. (Osaka, Japan). 2,4-
sionwhen LC—-MS-electrospray ionization (ESI) is ugz4. DCP-d;, PCP33Cg and BPA13C,, surrogate standards were
On the other hand, gas chromatography—mass spectrometrpurchased from Cambridge Isotope Laboratories Inc. (MA,
(GC-MS) was initially used for the determination of phenol USA). The chemical structures are showtrig. 1 E. colip-
compounds even though derivatization was reqUizéd27] glucuronidase (25,000 units/0.4 ml, 62,500 unitstland
The derivatization leads to sharper peaks and hence to betteH. pomatiasulfatase (3540 units m}) were purchased from
separation of and higher sensitivity for the phenols. How- Sigma—Aldrich Co. (St. Louis, MO, USA). Prior to use,
ever, the derivatization faces the risk of contamination and the B-glucuronidase was added to 0.1 M ammonium acetate
hence an overestimation of PXs concentration. In order to to make a total concentration of 10,000 unitsl Other
overcome this problem, in situ derivatization was developed, reagents and solvents were of pesticide or analytical grade
which involves the simple addition of a reagent to a liquid and were purchased from Wako Pure Chemical Inc. (Osaka,
sampl€28,29] Japan). The water purification system used was a Milli-Q gra-

Solid-phase extraction (SPER)0-23,25-27has beende-  dient A 10 with an EDS polisher (Millipore, Bedford, MA,
veloped for the determination of PXs. However, much time USA). The EDS polisher was a new filter purchased from
and effort is required for manual SPE. Recently, the simulta- Millipore, Japan.
neous measurement of BPA and alkylphenols, which include
BP, OP and N_P, in hL_Jma}n u_rine samples by automated solid—2_2_ Standard solutions
phase extractive derivatization followed by GC-MS has been

reported, with quantification limits below 0.1 ngmMI(BPA), Concentrated solutions (1.0mgTilin acetonitrile) of

1 1 1
?_;1 n9 m; éE.;P)’ 0.7ng mJ]E (OP) gnd 5br:g mi* (NP) [33]' Ithe compounds were prepared as required by the addition of

Is methodis easy to perform and enables automated sample, rifieq water and a specific amount of surrogate standard.
preparation. However, as PXs in urine samples are presenti

o L . alibrations (0.1-50ngmt for DCP; 0.05-10ng mit
trace amounts, it is thought that the sensitivity of this method for BP; 0.05-10ngmi! for OP; 0.2-10ngmi! for NP

is not sufficient. Recently, a new sorptive extraction tech- 4 414 ng miL for PCP: and 0.1-10 ng mt for BPA) were

nique that uses a stir bar coat_ed with polydi_methylsiloxane performed daily for all samples with the surrogate standards.
(PDMS) was developd@1] and is known as stir bar sorptive

extraction (SBSE). In addition, an analytical method for the

determination of endocrine disrupting chemicals (EDCs) has CH3 CH; CHj
been reportedi32,33] We have reported the determination cl H3C—C—CH; H3;C—C—C—C—CHjy
of OP and NP in tap and river water samp|@4] and bio- Ha (':H3
logical sample$35] by SBSE without derivatization. On the
other hand, SBSE with in situ derivatization has been suc- I
cessfully used in the determination of phenolic compounds
) X " OH OH OH
in various samplef36—39] In addition, we have performed
the determination of BPA in water and body fluid samples DCP BP opP
[40], chlorophenols in water and body fluid samp|é4], CoHyg el
estrogens in water samplgi], and PXs in river water sam- cl cl H3C._ _CHj3
ples[43] by SBSE with in situ derivatization. However, to
our knowledge, the simultaneous analysis of PXs in human
urine samples by SBSE with in situ derivatization has not ¢l : Cl Ho OH
been reported so far. OH OH
The aim of this study was to determine simultaneously NP PCP BPA

trace amounts of PXs in human urine samples by SBSE with
in situ derivatization and thermal desorption (TD)-GC-MS. Fig. 1. Chemical structures of PXs.
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2.3. Human urine samples for BP; 0.05-10ngmi! for OP; 0.2-10ngmit for NP;
0.1-10 ng mit? for PCP; and 0.1-10 ng mt for BPA) were
Urine samples were collected from five healthy volunteers performed daily for all samples. Although a blank run of the
(22-25 years old) and stored-a80°C prior to use. stir bar was always performed after an analysis, memory ef-

fects were never detected.
2.4. Instrumentation

Stir bars coated with a 50@m-thick (24u.l) PDMS layer 2.6. SBSE with in situ derivatization of PXs from human
were obtained from Gerstel (Mullheim an der Ruhr, Ger- urine samples
many). Prior to use, the stir bars were conditioned for 1 h at
300°Cinaflowof helium. Then, the stirbarswere keptinnew ~ One ml of human urine sample spiked with surro-
2 ml vials until immediately prior to use. The stir bars could 9gate standards was buffered with 1.0M ammonium ac-
be used more than 50 times with appropriate re-conditioning. €tate solution (5@, pH 6.8). After-glucuronidase (10,
For the extraction, 20 ml headspace vials from Agilent Tech- 10,000 unitsmi') and sulfatase (1@l, 3540 units mt?)
nologies (Palo Alto, CA, USA) were used. TD-GC-MS was Were added, the sample was sealed in a glass tube and gently
performed using a Gerstel TDS 2 thermodesorption systemMixed. Quantitative glucuronidase hydrolysis for releasing
equipped with a Gerstel TDS-A autosampler and a Gerstel free chlorophenols was accomplished by incubating a€37
CIS 4 programmab|e temperature Vaporization (PTV) inlet for 3 h. This treatment was sufficient to de-ConjUgate the gIU'
(Gerstel), and an Agilent 6890N gas chromatograph with a curonidase of glucuronidated BRAQ]. After enzymatic de-
5973N mass-selective detector with an ultra ion source (Agi- COnjugation, acetonitrile (2.0 ml) was added to the sample.

lent Technologies). Then, centrifugation was performed (149@, 10 min) and
the supernatant was transferred to the 20 ml headspace vial
2.5. TD-GC—MS conditions and diluted with purified water (15 ml). Potassium carbonate

solution (1.0 M, 1.0ml) for pH adjustment (pH 11.5), and

The temperature of TDS 2 was programmed to increase acetic acid anhydride (1Qd) as the derivatization reagent
from 20°C (held for 1 min) to 280C (held for 5 min) atarate ~ Were added to the headspace vial. After holding the sample
of 60°C min_l_ The desorbed Compounds were Cryofocused fOI’ 10 min, the Stir bar was added a.nd a Teﬂon'coated Sili'
in the CIS 4 at-150°C. After desorption, the temperature of €one septum cap was placed on the vial without crimping.
the CIS 4 was programmed to increase frettb0 to 300°C SBSE was performed atroom temperature for 150 min while
(held for 10 min) at a rate of 1 s™1 to inject the trapped ~ Stirring at 1000 rpm. After the extraction, the stir bar was eas-
compounds into the analytical column. The injection was ily removed with forceps (due to magnetic attraction), rinsed
performed in the Sp“t'ess mode. The Separation was accom_With purified Water, dried W|th Iint'free tissue and placed in'
plished on a DB-5MS fused silica column (30x10.25 mm side a glass TD tube. The TD tube was then placed inside the
i.d., 0.5um film thickness, Agilent Technologies). The oven TD system where the stir bar was subjected to TD-GC-MS.
temperature was programmed to increase from 60 tdG00
(held for 4 min) at a rate of 15C min~1. Helium was used as
the carrier gas at a flow rate of 1.2 ml mih The mass spec- 3. Results and discussion
trometer was operated in the selected ion-monitoring (SIM)
mode with electron impact ionization (ionization voltage: 3.1. Derivatization of PXs
70eV). The ions were monitored for SINhz 162, 164 for
DCP;m/z135 150 for BP;ym/z135 177 for OPm/z 135 177 In the mass analysis of standard solutions using electron
for NP;m/z266, 268 for PCPm/z 213 228 for BPA;m/z165 impact ionization (EI)-MSm/z 162, 135, 135, 135, 266 and
for DCP-dy; m/z 145for BP-d;m/z 140for OP-d;m/z 126for 213 were observed as the main peaks of acyl derivative of
m-OP-ds; mz276for PCP13Cq; andnvz 225for BPA-13Cy». DCP, BP, OP, NP, PCP and BPA, respectively. For the sur-
The underlined number is the/z of the ion used for deter-  rogate standards, acyl derivative of DCR-a-OP-d;, PCP-
mination.). The monitoring time was programmed from 5to 13Cg and BPA13Cy,, their main peaks were detectednal
10 min for DCP, DCP-g, BP and BP-d; from 10 to 14 min 165, 126, 272 and 225, respectively. However, the fragment
for OP, OP-d, NPm-OP-d, PCP and PCP3Cg; and from ion peaks of the standard compound and the main peak of the
14 to 17 min for BPA and BPASC5. surrogate standard were overlapped in the case of PCP. There-

In the quantitative procedure, standard solutions of the fore, the monitoring ion of PCB3Cg was set at/z276. On
compounds were prepared by dissolving the compounds inthe other hand, many fragmention peaks were observed inthe
purified water to cover the calibration range. Quantitative vicinity of n/z145 and 140, respectively, for BP-d and OP-d
analysis was performed in the SIM mode in order to maxi- surrogate standards. However, becausel 35, which is the
mize sensitivity. The concentrations were calculated relative monitoring ion of BP and OP, was not observed, measurement
to the surrogate standards added to the sample prior to analyeould be performed satisfactorily by using BP-d and OP-d as
sis. Calibrations (0.1-50 ng m} for DCP; 0.05-10 ng mi* surrogate standardBi@. 2). The mass spectrometer was op-
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Fig. 2. Mass spectra of acyl derivative of PXs.
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erated in the SIM mode. The following ions were monitored Table 1
(m/z 162, 164 for DCPWz 135, 150 for BPywz 135, 177 log Ko and theoretical recoveries of PXs and their acyl derivatives by SBSE

for OP;m/z135, 177 for NPm/z 266, 268 for PCPyvz 213, Analyte logKow® Theoretical recovery (%)
228 for BPA;m/z165 for DCP-d; m/z 145 for BP-dm/z140 DCP 2.80 457
for OP-d;m/z 126 for m-OP-g; m/z 276 for PCP3Cg; and DCP acetate 2.88 50.3
m/z 225 for BPA13C15. The underlined number is tia'z of gi cotate 3-3234 7;688
the ion used for determination.). OP 441 99.6
OP acetate 5.53 99.7
3.2. Theoretical recovery of SBSE NP 5.38 99.9
NP acetate 6.28 99.9
Table 1shows logqw and the theoretical recoveries of Egg acetate 4;17_31 ggg_g
the compounds investigated in this work. TKgy values BPA 3.50 85.3
were calculated from the log P predictor, which is available BPA diacetate 4.48 89.4

from Interactive Analysis Inc. (Bedford, MA, USA), and the 2 |ogKq values for all compounds as calculated from “the log P predic-
KowWin program, which is available from Syracuse Re- tor”and “SRC KowWin" as well as calculated recoveries.
search Corporation (SRC, USA). Theoretical recovery was

calculated as follows: creased by the derivatization. Especially, the increase of the-
. Kow/B 1 oretical recoveries of compounds which have smalKgg,
theoretical recovery= 17K = 3/K 1 was remarkably observed. The chromatogram of human urine
+ Kow/B B/ Komw + sample spiked with PXs standard solution (10 ngthkub-
whereB =Vw/Vppus, Veowmsis the volume of PDMS and,, jected to SBSE with in situ derivatization was compared with

is the volume of water. The theoretical recoveries of SBSE that subjected to SBSE without derivatization, and an in-
were calculated based on an 18 ml sample volume and a stircrease in sensitivity was observed in the fornkeg(3). The

bar with a phase thickness of 5Qfn (24l of PDMS). The in situ derivatization method exhibited approximately 5-100-
results revealed that the theoretical recoveries of PXs were in-fold higher sensitivity than the method without derivatization.

Abundance

Without derivatization (10 ng ml'! urine sample)
2800000

2600000
2400000
2200000
2000000
1800000
1600000
1400000
1200000
1000000

800000 OoP

600000
400000 DCP BP NP pCP BPA
200000 7 ' /.

500 600 7.00 800 900 10.00 11.00 1200 13.00 1400 1500 1600

Abundance In situ derivatization (10 ng mI-!' urine sample)

2800000 Acyl derivative

2600000 of OP
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2000000
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1000000
800000
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400000
200000 \

500 600 700 800 900 1000 1100 1200 13.00 1400 1500 1600 min
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of NP of BPA
Acyl derivative Acyl derivative
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Fig. 3. Comparison of chromatogram of PXs in human urine sample subjected to SBSE with in situ derivatization with that subjected to SBSE without
derivatization. For SBSE with in situ derivatization: After protein precipitation and centrifugation of the human urine sample (1 ml) spikeagutti10

PXs standard solution, the supernatant was diluted with purified water (15 ml). A PDMS-coated stir bar and derivatization reagents were addgaleo the sa
and stirring was commenced for 150 min at room temperaturé@2n a glass vial. The extract was then subjected to TD-GC-MS. For SBSE without
derivatization: The same procedure was performed except that no derivatization reagents were added.
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However, as the improvement of the theoretical recovery was 120 p----------ooommmmmmmooo oo
small, itwas suggested that the increase in sensitivity alsohad &
participation of facilitation vaporization in GC—-MS analysis
besides the improvement of the theoretical recovery.

100

80

3.3. Optimization of protein precipitation

40 F

Relative response (%

We have previously reported the determination of BPA or
chlorophenols in human urine sample by SBSE with in situ 20 r
derivatization without protein precipitatioj#0,41] How- . , ‘ ‘ ,
ever, when this method was employed in the determination of 0 50 100 150 200
OP and NP in human urine sample, the prevention of deriva- m
t'zaF'O” was Observed' T_h_en’_the h_uman urine sgmple _WasFig.S. Optimum time for SBSE with in situ derivatization. After enzymatic
subjected to protein precipitation prior to SBSE with in situ  ge-conjugation, protein precipitation and centrifugation of the human urine
derivatization. The volume of acetonitrile for protein precip- sample spiked with 10 ng mt PXs standard solution, the supernatant was
itation was also examined because in theory, the recovery jsdiluted with purified water (15ml). A PDMS-coated stir bar and derivati-
decreased as the volume of the organic solvent is increasedgation re_agents were added to the sgmple and _stirring was commenced for

. . . . 0-180 min at room temperature (26) in a glass vial. The extract was then
After enzymatic de-conjugation of the human urine sample subjected to TD-GC—-MS.
(1 ml) spiked with 10 ng mi! PXs standard solution, protein
precipitation was performed by adding 0-3.0ml of acetoni- 3 5. Figures of merit of SBSE with in situ derivatization
trile. Then, after centrifugation (1400g, 10 min), the super-  5nd TD-GC—-MS
natant was diluted with purified water (15 ml) and subjected
to SBSE with in situ derivatization and TD-GC-MS. The re- The calculated detection limits (LODs) of DCP, BP, OP,
sults are showRig. 4 When 2 ml of acetonitrile was used, the NP, PCP and BPA in human urine samples subjected to SBSE
relative responses of the PXs other than DCP were the high-\ith in situ derivatization and TD-GC-MS were 20, 10, 10,
est. A previous study has indicated that the concentration of50, 20 and 20 pg mit, respectively, when the ratio of the
DCP in human urine sample is high ley41]. Therefore, this compound’s signal to the background signal (S/N) was 3.
condition was chosen for protein precipitation. In addition, the limits of quantification (LOQs) calculated
when S/N> 10 were 100, 50, 50, 200, 100 and 100 pgml
respectively. The peak area ratio with respect to each surro-
gate standard was plotted and the response was found to be
linear over the calibration range with correlation coefficients
(r) of 0.99. The results are summarizediable 2 When the
SBSE method was compared with the SPE me{364] the
SBSE method was found to be superior in terms of sensitivity.

The recovery and precision of the method were assessed
by replicate analysisn(=6) of human urine samples spiked
with surrogate standards at the 0.5 and 5.0 ngtndvels.
0The precision was evaluated by calculating relative standard

Geviation (RSD). In the sample preparation of urine sample,
since the concentrations of PXs in blank urine were high lev-
els after de-conjugation process. Then, protein precipitation

3.4. Optimum time for SBSE with in situ derivatization

One important parameter affecting SBSE was the ex-
traction time. To determine the optimum extraction time,
human urine samples spiked with PXs standard solutions
(10 ng mi1) were used. The extraction time profiles (equili-
bration curves) of the analytes using SBSE with in situ deriva-
tization are shown ifrig. 5. All compounds reached equilib-
rium after approximately 150 min. Therefore, this condition
was used for the determination of PXs in human urine sam-
ples. Because surrogate standards were used, the extracti
time need not be strictly made constant.

120

‘g 100 Table 2
2 sih ——DCP Figures of merit of SBSE with in situ derivatization and TD-GC-MS
& A
§ =&=EP Analyte LOD LOQ Correlation coefficient
g ——0P mF1a mELb r
2 6 g (pgmi™7) (pgmi™) Q)
-E " f PCP DCP 20 100 0.99 (0.1-59)
= . -8-BPA BP 10 50 0.99 (0.05-10)
B i ) i ) oP 10 50 0.99 (0.05-10)
NP 50 200 0.99 (0.2-10)
0 PCP 20 100 0.99 (0.1-10)
BPA 20 100 0.99 (0.1-10)
Volume of acetonitrile (ml) a LOD: limit of detection (S/N = 3).

b LOQ: limit of quantification (S/N > 10).
Fig. 4. Determination of volume of acetonitrile for optimization of protein ~ © Values in parentheses are the linear ranges of the calibration curves
precipitation. (ngmi.
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was performed immediately after adding the enzymes. Non- by using calibration curves of the standard solutions with sur-
spiked and spiked samples were subjected to SBSE with inrogate standards. The average recovery was higher than 95 %
situ derivatization and TD-GC-MS. The recovery was cal- (RSD: <10%) for all human urine samplégble 3. There-
culated by subtracting the results for the non-spiked samplesfore, the method is applicable to the precise determination of
from those for the spiked samples. The results were obtainedtrace amounts of PXs in human urine samples.

Abundance |

500000 | : G
400000 Acyl derivative of DCP

300000 o 205ngml?)
200000 {
100000 A
8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 min
Abundance |

40000

30000 7
20000

0000 L ‘_L_‘ L.
8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 min

Abundance

500000 Acyl derivative of BP wmee Acyl derivative of NP
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400000 / (5.83 ng ml") Acyl derivative of OP 40000

300000 (N.D. <0.05 ng ml")/ i

200000 st Ml A *
100000 A L h PV - ‘/ Mo ||‘.su ) 12.00 12.50 min

8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 min
|

30000 Acyl derivative of BP-d

20000 /
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Abundance 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 min
| /Acyl derivative of OP-d

Acyl derivative of DCP-d,
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50000 LL
A a JU A a A AL

8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 min
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800000 : Acyl derivative of m-OP-d;

600000 /
400000
200000

8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 min
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Acyl derivative of PCP
10000 ¥ (104 ng mi)

5000
I oA J_l L A b r el
8.00 9.00 10,00 11.00 12.00 13.00 14.00 15.00 min
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15000 Acyl derivative of PCP-1C

10000 /
5000 l
A oA

8.00 9.00 10.00 1100 12.00 13.00 14.00 15.00 min
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9004
ggﬂ'::}%“ Acyl derivative of BPA

80000 / (2.08 ng ml")
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%{g% .IIL J N
Abundance 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 min

80000 Acyl derivative of BPA-*C,,
70000 P4
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20000 Ao
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Fig. 6. Chromatograms of acyl derivative of PXs and surrogate standards in human urine sample (Volunteer A).
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Table 3 o _ sion (RSD: <10%n = 6) for the human urine samples spiked
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