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Abstract

Alkylphenols, 4-nonylphenol (NP) andtért-octylphenol (OP), in human urine and plasma samples were analyzed using stir bar sorptive
extraction (SBSE) in combination with thermal desorption—gas chromatography—mass spectrometry (TD-GC-MS). The method involved
correction by stable isotopically labeled surrogate standards, 4-(1-methyl)octylphdnelaiP-d) and deuterium 4ert-octylphenol (OP-d).

A biological sample was extracted for 60 min at room temperature@28sing a stir bar coated with a 5Q@n thick polydimethylsiloxane

(PDMS) layer. Then, the stir bar was analyzed by TD—GC—-MS in the selected ion monitoring (SIM) mode without any derivatization step. The
average recoveries in human urine and plasma samples spiked with NP and OP at levels of 0.5 and“1@egrbkbtween 95.8 and 99.8%

with correction using the added surrogate standards. The limits of quantitation were 0:2 figrNIP and 0.02 ng mit for OP. We measured

the background levels of NP and OP in five human urine and three human plasma samples from healthy volunteers. NP and OP were not
detected in all human urine samplesN < 0.2 ng mt? for NP, and ND. < 0.02 ng mi* for OP). However, 0.2—-0.3 ng mi for NP and

0.1-0.2 ng mit! for OP in human plasma samples were observed by this method.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction fore, healthy humans may be exposed to NP and OP via a
variety of daily activities. The risk assessment of NP and
Alkylphenolpolyethoxylates (APEOs) comprise the ma- OP is an important issue.
jor class of non-ionic surfactants and have a variety of In this study, we show that NP and OP can be simulta-
industrial and commercial applications. Alkylphenols, neously measured in biological samples. Several methods
4-nonylphenol (NP) and tert-octylphenol (OP), are the including gas chromatography—mass spectrometry (GC—
degradation products of APEOs and have been shown toMS) [21-23] liquid chromatography—mass spectrometry
exist in the environment such as seawater, river water and(LC-MS) with online preparatiori24], high-performance
sewage wastewat¢t—10]. They have been reported to in- liquid chromatography with multi-electrode electrochemical
duce estrogenic responses in male tf@tt12]and a variety coulometric-array detectidi25] and capillary electrophore-
of bioassay[13-15] Recently, the leaching and contam- sis [22,26] have been described for the simultaneous de-
ination of NP from food wrapping films, food-contacting termination of NP and OP in biological samples. However,
plastics, toys and foods have been repofiéd-20] There- to our knowledge, there are no studies of NP and OP ex-
posure in humans except our studies of human urine and
mspondmg author. Tel+81-3-5498-5763: plasma Ie_vels{24,25]. In those studies, free NP and OP in
fax: +81-3-5498-5062. human urine samples were not detecte®.8 ngmf1) and
E-mail address: nakazawa@hoshi.ac.jp (H. Nakazawa). glucuronide NP was detect¢@4], whereas those in human

1570-0232/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.jchromb.2003.10.021



120 M. Kawaguchi et al. / J. Chromatogr. B 799 (2004) 119-125

blood samples were lower than the limits of quantifica- Bedford, MA, USA). The EDS polisher was a new filter
tions (<1.0ngmit) [25]. The above-mentioned analytical purchased from Millipore, Japan.

methods may not have sufficient sensitivity for the determi-

nation of trace amounts of NP and OP in human biological 5 2 gandard solutions

samples.

Recently, a new sorptive extraction technique using a stir  concentrated solutions (1.0 mgmlin methanol) of NP
bar coated with polydimethylsiloxane (PDMS) was devel- and OP were prepared as required by the addition of purified
oped and called stir bar sorptive extraction (SB{E]. De- water with specific amounts of surrogate standard. Six-point
pending upon their octanol/water partition, the compounds cgjibrations (0.2-20ngmt for NP and 0.02-20 ng mt

are extracted and enriched. Examples of successful appli-for op) were performed daily for all samples with surrogate
cations are the determination of volatiles, semivolatiles, gtandards.

stale-flavored carbonyl compounds, pesticides, mycotoxin,
polycyclic aromatic hydrocarbons and dicarboximide fungi-
cides in various sample@8-35] In addition, SBSE has
been applied successfully in biological sami&&8—38]

The aim of this study was to determine trace amounts
of NP and OP in human urine and plasma samples by
SBSE-thermal desorption (TD)-GC-MS.

2.3. Biological samples

Human urine and plasma samples were, respectively, col-
lected from five and three healthy volunteers (22-25 years
old). All samples were stored at80°C prior to use.

2.4. Instrumentation
2. Experimental _ ) _
Stir bars coated with a 5Q0m thick (24wl) PDMS
(Twister™: the magnetic stirring rod is incorporated in a
glass jacket and coated with PDMS) were obtained from

4-Nonylphenol (mixture of isomer) andtéet-octylphenol Gerstel (Mullheim an der Ruhr, Germany). The stir bars

of environmental analytical grade were purchased from COUIO! _be_ used more than _30 times with approp_riate re-
Kanto Chemical Inc., Tokyo, JapanFig. 1). 4-(1- conditioning. For the extraction, 10 ml headspace vials from

Methyl)octylphenol-g (m-OP-a&) and deuterium 4ert- Agilent Technologies (Palo Alto, CA, USA) and GL Sci-

octylphenol (the mixture by which the hydrogen of OP was ©€N¢€ (Tokyo, .Japan) were used. TD-GC-MS analys's was
replaced by 1-12 deuterium) (OP-d) were purchased from perfprmed using a Gerstel TDS 2 thermodesorption system
Hayashi Pure Chemical Inc., Osaka, Japan. Methanol of€quipped with a Gerstel TDS-A autosam_ple_r and a Ge_rstel
pesticide grade was purchased from Wako Pure ChemicalC!S 4 programmable temperature vaporization (PTV) inlet

Inc., Osaka, Japan. The water purification system used waéGerStel) and lan _Agil(;ant 6890 gQIS chromhatolg]rqph with a
Milli-Q gradient A 10 with an EDS polisher (Millipore, 5973 mass-selective detector (Agilent Technologies).

2.1. Materials and reagents

2.5. TD—-GC-MS conditions
Hs Hs
gH1g H;C— —ﬁ—f—CHs The temperature of TDS 2 was programmed to increase
2 from 20°C (held for 1 min) to 280C (held for 5min) at a
rate of 60°C min—1. The desorbed compounds were cryofo-
cused in the CIS 4 at150°C. After desorption, the tem-
perature of CIS 4 was programmed to increase frohb0
to 300°C (held for 10 min) at a rate of *Z s ! to inject
the trapped compounds into the analytical column. Injection
NP Oop was performed in the splitless mode. Separation was accom-
Ha ?H3 plished on a DB-5MS fused silica column (30:00.25 mm
i.d., 0.25um film thickness, Agilent Technologies). The
oven temperature was programmed to increase from 60 to
280°C (held for 5min) at a rate of 18C min—1. Helium was
used as the carrier gas at a flow rate of 1.2 miThinThe
mass spectrometer was operated in the selected ion moni-
4 toring (SIM) mode with electron ionization (ionization volt-
OH OH age: 70eV). Four ions were monitored for SIkMvg 135
m—OP-d5 OP-d 107 for NP;m/z 135 107 for OP;nV/z 126for m-OP-a&; and
m/z 140 for OP-d; the underlined number is the@z of the
Fig. 1. Chemical structures of NP, OP, m-Opahd OP-d. ion used for determination).

CH,
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Aluminum foil Table 1
Validation of NP and OP detection by SBSE-TD-GC-MS
_ Compound LOD LoQ? Correlation
/ Glass vial (SIN=3; (S/N = 10; coefficient
ngmi1) ngmi1) (®)
4-Nonylphenol 0.04 0.2 0.999 (0.2-20)
4-tert-Octylphenol  0.004 0.02 0.999 (0.02-20)

a LOD: limit of detection.
b LOQ: limit of quantitation.

Sample solution _ . o
/@ ¢ Values in parentheses are the linear ranges of the calibration curves
(= .| PDMS stirbar (ngmi1).
v
Fig. 2. Schematic of SBSE. surement could be performed satisfactory by using OP-d as

surrogate standardrig. 3). The mass spectrometer was op-
erated in the SIM mode. For SIM, four ions were monitored
In the quantitative procedure, standard solutions of NP (m/z 135, 107 for NP;m/z 135, 107 for OP;nvz 126 for m-
and OP were prepared by dissolving the compounds in wa- Op-g;; andmvz 140for OP-d; the underlined number is the
ter to cover the calibration range. Quantitative analysis was nyz of the ion used for determination).
performed in the SIM mode in order to maximize sensitivity. The limit of detection (LOD) was calculated as three
The concentrations were calculated relative to the surrogatetimes the standard deviation of the analyte concentration
standards added to the sample prior to analysis. Six-pointdetermined in the spiked blank sample. Therefore, calcu-
calibrations (0.2—20 ng mi for NP and 0.02—20 ng mi for lated LODs of NP and OP were 0.04 and 0.004 ng'ml
OP) were performed daily for all samples. Although a blank respectively Table 3. On the other hand, the limits of
run of the stir bar was always performed after an analysis, quantitation (LOQs) calculated when the signal-to-noise

memory effects were never detected. ratio were higher than 10 was 0.2 for NP and 0.02 ng'ml
for OP in human samples. In addition, the retention time
2.6. SBSE of NP and OP from biological samples of NP was from 10.05 to 10.45min and that of OP was

9.30 min. The quantification of NP was performed using the
A stir bar was conditioned for 4 h at 30Q in a flow of sum of all peaks area. To quantify NP and OP in the sample
helium. One milliliter of biological sample was diluted with  solutions, the peak ratio of the standards to the stable iso-
distilled water to make a total volume of 2ml. After the topically labeled surrogate standards was calculated. Cali-
surrogate standards were added, the sample was placed in hration curves (0.2—20 ng mt for NP and 0.02—20 ng mit
glass vial. The stir bar was added and the vial was crimped for OP) were obtained by plotting peak ratios (NP/m-GP-d
with aluminum foil. SBSE of the sample was performed and OP/OP-d) versus those concentrations using ChemSta-
at room temperature for 60 min while stirring at 500 rpm tion software from Agilent Technologies. In the results, the
(Fig. 2). After the extraction, the stir bar was easily removed correlation coefficients of the linear calibration curves were
with forceps (due to the magnetic attraction effect), rinsed higher than 0.999.
with distilled water, dried with lint-free issue and placed
in a glass thermal desorption tube. The thermal desorption32 Optimal conditions and recovery tests for NP and
tube was then placed in the thermal desorption unit. After op jn human biological samples subjected to the sample
thermally desorbing the stir bar in the thermal desorption preparation method
system, GC-MS was conducted.
SBSE of the compounds from a human biological sam-
ple was performed by placing a suitable amount of sample

3. Results and discussion in a headspace vial. The most important parameter affecting
SBSE is the extraction time. Therefore, in order to deter-
3.1. Validation of SBSE-TD-GC-MS mine the optimum extraction time for the detection of con-

centrations as low as 10 ngnd, the TD-GC-MS signals
In the mass analysis of standard solutions using electronof NP and OP were investigated. The extraction time was
ionization—MS,m/z 135 was observed as the main peaks of investigated from 10 to 90 min. The extraction time profiles
NP and OP. One surrogate standard, m-@Paas detected  (equilibration curves) of NP and OP in human plasma sam-
as main fragmentor ion at'z 126. The other surrogate stan- ples using a stir bar were determined by TD—GC-MS and

dard, OP-d, was detected as many fragmentor ions were ob-are shown inFig. 4 From the extraction efficiencies, NP
served at the vicinity ofiVz 140. However, sincevz 135 and OP reached equilibrium after about 90 min. When the
which is the fragmentor ion of OP was not observed, mea- extraction time was set at 60 min, the recovery was higher



122 M. Kawaguchi et al. / J. Chromatogr. B 799 (2004) 119-125

Abundance 135 H.C CH Abund 135
NP NN undance Hsc\6/0H3
80000001 ()P
7000000
150000
6000000
5000000
000 107 4000000
149 OH
_ 3000000 OH
m/z =135
121 m/z=135
50000 2000000
107
191 220 1000000 206
b bl A ) | bbbyt e b e
20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
m/
Abund 126 Abundance 140
unaance
DH,C_ M OP-d HC . ~CHs
3500000\ p-PQ-d5 ¢ 600000 - c
3000000
500000 Ds
(mixture)
2500000
400000
2000000
4 300000
1500000 OH
m/z =126 200000 OH
1000000 57 m/z =140
11
500000 225 100000 0
l 212
0 Saaaasioe o hl".l T T T T T T T T T T 0! T T T ‘l, T T T T
20 40 60 80 100 120 140 160 180 200 220 240 260 280 30(/) 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
m/

Fig. 3. Mass spectra of NP, OP, m-Op-ahd OP-d.

than 90% after 90 min. Therefore, this condition was used —150°C. After desorption, the temperature of CIS 4 was
for the determination of NP and OP in human urine and programmed to increase from150 to 300°C (held for
plasma samples. 10min) at a rate of 12Cs! to inject the trapped com-

The thermal desorption conditions were investigated. It is pounds into the analytical column. NP and OP were ana-
important that the analyte is completely isolated from PDMS lyzed using SBSE based on these conditions. The analyte
stir bar on thermal desorption conditions. The temperature were not detected as a result of analyzing again that PDMS
of TDS 2 was programmed to increase fron*20(held for stir bar analyzed at once. The peaks by memory effects were
1min) to 280°C (held for 5min) at a rate of 60 min2. never detected. Therefore, it was possible to have analyzed
The desorbed compounds were cryofocused in the CIS 4 atsatisfactory on this TD conditions.

100
80
60

40

Relative peak area (%)

20

0 20 40 60 80 100

(min)

Fig. 4. Extraction time profiles of NP and OP in water samples using stir bar. A stir bar coated with polydimethylsiloxane is added to a human plasma
sample and stirring is commenced for 10-90 min at room temperatureCj26 a glass vial. The extract is then analyzed by TD—-GC-MS.
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We investigated whether the recoveries of NP and OP 3.3. Application of the assay
(0.5 and 10 ng mit) from human urine and plasma samples
could be calculated by using SBSE. The average recoveries We measured the concentrations of NP and OP in five
of NP and OP ranged from 95.8 to 99.8% withSD. < urine and three plasma samples obtained from healthy vol-
5% (Table 2. The results show that the method enables the unteers. Using this method, NP and OP could not be detected
precise determination of NP and OP, and can be appliedin all the urine samples, whereas they could be detected in
to the detection of those compounds in urine and plasmaall the plasma sample§gble 3. The detection ranges of
samples. NP and OP were from 0.2 to 0.3ngmland from 0.1 to
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Fig. 5. Chromatograms of NP, OP and surrogate standards (ms@RedOP-d) in human plasma sample (volunteer F). Detection levels: NP, 0.3hgml
OP, 0.2ngmt?,
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Table 2 passage in the liver and excretion via the urine. Therefore,
Percentage recovery of NP and OP in human biological samples there are reasons to think that NP and OP exposure levels
Compound Spiked  Urine Plasma are very trace or non-amounts, or that NP and OP are glu-
amount curonidated in liver microsomes and excreted of the formed
(hgmrY) Recovery R.S.D. Recovery R.S.D. lucuronide
GO (0 M O N ) 9 - N
4-Nonylphenol 05 985 16 98.1 25 On_ the other hand, although bloa_lvallablllty of alkylphe-
10 90.8 26 99.2 32 nols is low levels, free NP and OP in blood was observed.
atert-Octylphenol 0.5 081 s 958 3.0 The f_oIIowing cou!d t_)e considered as this reason. Iq an es-
10 99.1 39 9.5 29 timation of the daily intake of alkylphenols, the oral intake

R - S — | ——— — i of NP by non-occupationally exposed human was found to
ecoveries ana precision were also examine y replicate analysis
(n = 6) of human biological samples fortified with NP and OP at con- be less thalm 0.16 mg k[;)erhd{ii}O]. ngweve.r’ .alkylph.enOIS |
centrations of 0.5 and 10 ng . was not only exposed by the meal, but existing in air sample
was reported41]. From these reasons, it was consider that
Table 3 alkylphenols are always exposed and exist as a free object
Concentrations of NP and OP in human urine and plasma samples ;:1 blood. IThIS SIUdy showed that free NP and OP existed in
uman plasma.

Volunteer Age Sample NP2 oP
(years) type (ngml1) (ngmi1)
5 2 Une  ND. ND. Acknowledgements
C 23 Urine N.D. N.D.
D 22 Urine N.D. N.D. This study was supported by Health Sciences Research
E 22 Urine N.D. N.D. grants and the Grant-in-Aid for Cancer Research (15-22)
(':3 2‘5‘ i:zzmz 8-2’ g-i from the Ministry of Health, Labour and Welfare of Japan
H 24 Plasma 02 02 and by a Grant-in-Aid for Scientific Research from the Min-

istry of Education, Culture, Sports, Science and Technology.
a N.D. indicates NP concentrations lower than 0.2 ng'ml

b N.D. indicates OP concentrations lower than 0.02 ngiml
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