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a  b  s  t  r  a  c  t

An  analytical  method  was  developed  for simultaneous  measurement  of  urinary  metabolites  in the
general  population  exposed  to organophosphorus  compounds  (insecticides,  flame  retardants  and  plas-
ticizers)  and  moth  repellents  used  in  Japanese  households.  Fifteen  metabolites,  dimethylphosphate,
dimethylthiophosphate,  diethylphosphate,  diethylthiophosphate,  di-n-butylphosphate,  diphenylphos-
phate,  bis(2-ethylhexyl)phosphate,  2-isopropyl-6-methyl-4-pyrimidinol,  3,5,6-trichloro-2-pyridinol,
3-methyl-4-(methylthio)phenol,  3-methyl-4-nitrophenol,  2,4-dichlorophenol,  2,5-dichlorophenol,  1-
rinary metabolites
ndoor air pollution
nsecticides
lame retardants
lasticizers

naphthol  and  2-naphthol,  were  extracted  from  hydrolyzed  urine  by  using  a  sorbent  (hydroxylated
polystyrene-divinylbenzene  copolymers),  and  then  desorbed  with  methylacetate  and  acetonitrile,
concentrated,  and  after  transformation  to  their  tert-butyldimethylsilyl  derivatives,  analyzed  by  gas  chro-
matography/mass  spectrometry  in  the  electron  impact  ionization  mode.  They  could  be  determined
accurately  and  precisely  (quantification  limits:  0.8–4  �g/l).  The  collected  urine  samples  could  be  stored
for  up  to 1 month  at −20 ◦C  in  a freezer.
. Introduction

Many of us are exposed daily to a wide variety of environmen-
al chemicals. Indoor air quality has a strong effect on our health
ecause we spend much time indoors such as at home. Analysis of

ndoor air has revealed the presence of many organophosphorus
ompounds and chemicals diffusing from moth repellents, in addi-
ion to general indoor contaminants such as formaldehyde [1–11].
rganophosphorus insecticides are widely used indoors to con-

rol household pests. Many trialkylphosphates are used as flame
etardants and plasticizers for various household products, and
-dichlorobenzene and naphthalene as moth repellents and toi-
et bowl deodorants [12,13].  Most organophosphorus compounds
re known to cause cholinergic symptoms (headache, blurred
ision, dizziness, fatigue, nausea, and vomiting, etc.) by inhibiting
holinesterase activities in nerve synaptic clefts of humans exposed
o them [12]. In addition, the International Agency for Research on
ancer (IARC) has classified dichlorvos, one of the organophospho-
us insecticides [14], p-dichlorobenzene [15] and naphthalene [16]
s Group 2B (possibly carcinogenic to humans). Therefore, to eval-

ate any adverse effects on humans in indoor environments, it is

mportant to know how much of these compounds are absorbed.

∗ Corresponding author. Tel.: +81 6 6972 1321; fax: +81 6 6972 2393.
E-mail address: tsyosida@iph.pref.osaka.jp (T. Yoshida).
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Generally, the amounts of chemicals absorbed are evaluated
using their urinary metabolites. Most organophosphorus insec-
ticides are mainly degraded to dialkylphosphates and phenolic
metabolites in mammals [17]. To monitor human exposure to the
insecticides, urinary dialkylphosphates have generally been mea-
sured in previous studies [18–28].  However, the parent compounds
cannot be identified from urinary dialkylphosphates because they
are common metabolites resulting from most organophosphorus
insecticides. There are a few studies that have examined the urinary
excretion of phenolic metabolites, which can be a help to iden-
tify the parent compounds, together with dialkylphosphates in the
general population [26,29]. On the other hand, the main human uri-
nary metabolites of many trialkylphosphates for flame retardants
and plasticizers are presumed to be the corresponding dialkylphos-
phates based on previous reports concerning their metabolism in
animals [30–32].  However, little work has been conducted on mon-
itoring the general population for exposure to trialkylphosphates
using their urinary metabolites, except for studies by Schindler et al.
[32,33]. p-Dichlorobenzene [34] and naphthalene [35] are princi-
pally excreted in human urine as their phenolic metabolites.

The aim of this study was to develop an analytical method
for measuring urinary metabolites to evaluate exposure to
organophosphorus compounds (insecticides and trialkylphos-

phates) and moth repellents in the Japanese general population.
The chemicals listed in Table 1 were expected to be absorbed
through indoor air mainly by inhalation on consideration of the
use of such chemicals [13,36,37] and our survey of marketed

dx.doi.org/10.1016/j.jchromb.2011.11.018
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
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Table  1
Original chemicals and their urinary metabolites determined in the present study.

Original chemical Objective urinary metabolite

Organophosphorus insecticides
Chlorpyrifos Diethylphosphate (S, 99.5) Diethylthiophosphate (H, 95.2) 3,5,6-Trichloro-2-pyridinol (S, 99.3)
Diazinon Diethylphosphate Diethylthiophosphate 2-Isopropyl-6-methyl-4-pyrimidinol (S, 99.0)
Dichlofenthion Diethylphosphate Diethylthiophosphate 2,4-Dichlorophenol (K, 99.9)
Dichlorvos Dimethylphosphate (A, 98.8)
Fenitrothion Dimethylphosphate Dimethylthiophosphate (H, 98.9) 3-Methyl-4-nitrophenol (T, 98.3)
Fenthion Dimethylphosphate Dimethylthiophosphate 3-Methyl-4-(methylthio)phenol (T, 98.8)
Isoxathion Diethylphosphate Diethylthiophosphate
Malathion Dimethylphosphate Dimethylthiophosphate
Pyridafenthion Diethylphosphate Diethylthiophosphate
Tetrachlorvinphos Dimethylphosphate

Organophosphorus flame retardants and plasticizers
Tributylphosphate Di-n-butylphosphate (T, 98.7)
Triethylphosphate Diethylphosphate
Trimethylphosphate Dimethylphosphate
Triphenylphosphate Diphenylphosphate (T 99.8)
Tris(2-ethylhexyl)phosphate Bis(2-ethylhexyl)phosphate (W,  96.0)

Moth repellents and toilet bowl deodorants
p-Dichlorobenzene 2,5-Dichlorophenol (W,  99.2)
Naphthalene 1-Naphthol (W,  100.0) 2-Naphthol (W,  99.8)

Characters in parenthesis are purchase sources and purities (%) of the standard materials. Abbreviations of the manufacturers are as follows: A, Acros Organics (Geel, Belgium);
H,  Hayashi Pure Chemical (Osaka, Japan); K, Kanto Chemical (Tokyo, Japan); S, Sigma–Aldrich (MO, USA); T, Tokyo Kasei Kogyo (Tokyo, Japan); W,  Wako Pure Chemicals
(Osaka,  Japan).

Fig. 1. Chemical structures of urinary metabolites targeted in the present study.
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roducts. The target compounds for determination were their
5 urinary metabolites, for which standard materials could be
btained in Japan (Table 1 and Fig. 1).

Recently, many analytical methods have been reported for
rinary dialkylphosphates of low concentrations for monitor-

ng exposure to organophosphorus insecticides by using gas
hromatography/mass spectrometry, though in the past, gas chro-
atography with flame photometric detection (GC-FPD) [38–50]

r gas chromatography with nitrogen–phosphorus selective detec-
ion (GC-NPD) [44,51] were applied for their analysis. As GC-FPD
nd GC-NPD are for specially detecting only compounds con-
aining phosphorus among the metabolites, other compounds
uch as the phenolic metabolites resulting from parent insec-
icides, cannot be detected. In previous analytical methods for
he urinary metabolites of organophosphorus insecticides by
as chromatography/mass spectrometry, the dialkylphosphates
ere determined after derivatization (trimethylsilylation, ben-

ylation, pentafluorobenzylation or chloropropylation) by gas
hromatography combined with single quadrupole mass spec-
rometry (GC/MS) in the electron impact ionization mode (EI)
GC/MS(EI)) [19,25,52–56] or in the positive ion chemical ionization

ode (CI) (GC/MS(CI)) [57], or by gas chromatography combined
ith tandem mass spectrometry (GC/MS/MS) in CI (GC/MS/MS(CI))

21,23,57,58] or in the negative ion chemical ionization mode
NCI) (GC/MS/MS(NCI)) [20]. The instruments for GC/MS/MS, while
ffering highly sensitive analysis in comparison with GC/MS, are
xpensive and not readily available in many laboratories. GC/MS(EI)
s more cost-effective and more common analytical methods than
C/MS(CI). In most previous studies on analytical methods for

he dialkylphosphates resulting from organophosphorus insecti-
ides by GC/MS(EI), the metabolites were determined after being
ransformed into their pentafluorobenzyl derivatives. However,
n our preliminary examination by GC/MS(EI), most of the tert-
utyldimethylsilyl derivatives of our target metabolites containing
ialkylphosphates were found to have higher sensitivities than
heir pentafluorobenzyl derivatives. On the other hand, there was
o report on the GC/MS methods for simultaneous determina-
ion of urinary phenolic metabolites and dialkylphosphates in the
eneral population exposed to organophosphorus insecticides. Fur-
hermore, there were hardly any reports on analytical methods
sing GC/MS to determine urinary dialkylphosphates metabolized
rom trialkylphosphates for flame retardants and plasticizers such
s tris(2-ethylhexyl)phosphate.

In the present study, a method was developed for simultane-
us analysis of 15 urinary metabolites, including several phenolic
etabolites conducive for identifying the parent insecticides

Table 1), in the general population. Their tert-butyldimethylsilyl
erivatives were observed by GC/MS(EI). The proposed method
as applied to the analysis of several urine samples collected from
ealth volunteers without occupational exposure.

. Experimental

.1. Chemicals

The purchase sources and purities of the standard mate-
ials for determination of the 15 targeted urinary metabo-
ites are shown in Table 1. The standard materials were
sed without further purification. N-(tert-Butyldimethylsilyl)-
-methyltrifluoroacetamide (MTBSTFA) for transforming the
etabolites into their tert-butyldimethylsilyl derivatives and iso-
ropylphosphate (diisopropylphosphate: 68.3%) as an internal
tandard were purchased from Tokyo Kasei Kogyo (Tokyo, Japan)
nd sodium disulfite, which was of analytical-reagent grade, from
anto Chemical (Tokyo, Japan). Other chemicals were obtained
togr. B 880 (2012) 66– 73

from Wako Pure Chemical (Osaka, Japan). Toluene and methylac-
etate were of a grade for analysis of dioxins and for environmental
analysis, respectively. Acetonitrile was  of a grade for analysis of
pesticide residue and polychlorinated biphenyl. All other chemicals
were of analytical-reagent grade. Isolute ENV+ (bulk; hydroxylated
polystyrene-divinylbenzene copolymers), a sorbent for extract-
ing metabolites from urine, was obtained from Biotage (Uppsala,
Sweden).

2.2. Instruments

A Shimadzu (Kyoto, Japan) GCMS-QP2010 gas chromatograph
mass spectrometer, combined with a Shimadzu AOC-20i auto
injector, was controlled with a Fujitsu (Kanagawa, Japan) FM
V-6766CL7c computer installed with GCMSsolution software for
instrument control and data analysis. A Hitachi (Tokyo, Japan)
Model Himac CF7D centrifuge was used. A wave rotor for agitation
of samples and a heating block were purchased from Thermonics
(Model WR-100, Tokyo, Japan) and Yamato Scientific (Model HF-
21, Tokyo, Japan), respectively. A GL Sciences (Tokyo, Japan) Model
Soldry SD905 was used to concentrate the sample and standard
solutions.

All of the glassware for preparation of the samples and stan-
dard solutions used during the experiments were washed with
deionized water and acetone and then dried at room temperature.

2.3. Mixed metabolite stock solution and internal standard
solution

Each stock standard solution of 13 metabolites, except for
dimethylthiophosphate and 2-isoproply-6-methyl-4-pyrimidinol,
was  prepared with 10.0 mg/ml  of each compound by dissolv-
ing it in acetonitrile in 10 ml brown high-airtight vials (Kanto
Kagaku, Tokyo, Japan). The solutions of dimethylthiophosphate and
2-isoproply-6-methyl-4-pyrimidinol were prepared by dissolving
each compound in methanol and acetone, respectively, as for the
above 13 metabolites. Aliquots of these stock standard solutions
were combined, and the mixed metabolite stock solution of 15 com-
pounds was  prepared at 500 �g/ml by dilution with acetonitrile in
another 10 ml  brown high-airtight vial.

A solution of the internal standard, diisopropylphosphate, was
prepared at 500 �g/ml by dissolving the compound in acetonitrile
in a 2 ml  brown high-airtight vial.

All of these solutions were stored at 4 ◦C in a refrigerator.

2.4. Sample preparation

Portions (5.0 ml)  of spot urine samples obtained from subjects
were decanted into 10 ml  brown screw-capped tubes, and stored
at −20 ◦C in a freezer until analysis.

The thawed urine sample was  hydrolyzed with 0.5 ml  of con-
centrated hydrochloric acid for 30 min  at 100 ◦C after adding 3.0 �l
of the internal standard solution. After cooling the hydrolysate
to room temperature, 0.1 ml  of 10 M sodium hydroxide solution
and 4.0 g of ammonium sulfate were added, and the sample was
agitated for 5 min  using the wave rotor to sufficiently dissolve
ammonium sulfate. Next, 100 mg  of the sorbent Isolute ENV+ was
added to the solution, and the sample was  agitated for 10 min in
order to allow the objective metabolites to become adsorbed onto
the sorbent. After centrifugation (3000 rpm for 10 min), the aque-
ous phase of the sample was  removed, and 4.0 ml  of methylacetate
was  added to the residue. The sample was shaken with a stirring

apparatus for 10 min  to desorb the metabolites from the sorbent.
The supernatant was  decanted into another 10 ml brown screw-
capped tube after centrifugation (3000 rpm for 10 min). Desorption
of the metabolites from the sorbent was repeated by adding 2.0 ml
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Table  2
Selected target ions and reference ions (m/z) for GC/MS analysis of metabolites.

Compound Target Reference

Dimethylphosphate 183 153
Dimethylthiophosphate 199 169
Diethylphosphate 211 155
Diethylthiophosphate 227 199
Di-n-butylphosphate 155 267
Diphenylphosphate 307 308
Bis(2-ethylhexyl)phosphate 155 213
3,5,6-Trichloro-2-pyridinol 254 258
3-Methyl-4-nitrophenol 267 210
3-Methyl-4-(methylthio)phenol 268 196
2-Isopropyl-6-methyl-4-pyrimidinol 209 210
2,4-Dichlorophenol 219 221
2,5-Dichlorophenol 221 219
1-Naphthol 258 201
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2.11. Storage stabilities of metabolites in urine samples
2-Naphthol 201 258
Diisopropylphosphate (internal standard) 155 239

cetonitrile to the residual sorbent, and two extracts were com-
ined. The mixed extract was concentrated to 0.5 ml  by using the
oldry SD905 under a stream of nitrogen gas (flow rate, 150 ml/min
er tube; temperature, 56 ◦C; purity of the gas, >99.999%). Two
illiliters of acetonitrile was added to the concentrated solution,

nd similarly concentrated to 1.0 ml.  This procedure was  repeated
nce again to remove methylacetate and water. To the acetonitrile
olution obtained (1.0 ml), 50 mg  of sodium disulfite and 30 �l of
TBSTFA were added, and the solution was heated for 30 min at

0 ◦C to form tert-butyldimethylsilyl derivatives of the metabolites.
fter cooling the reaction solution to room temperature, it was cen-

rifuged for 10 min  at 3000 rpm. The supernatant was decanted into
nother graduated brown tube, and was concentrated and dried
sing Soldry SD905 (N2 flow rate of 150 ml/min per tube at 56 ◦C).
oluene, 0.15 ml,  was added to the residue, and the supernatant of
he solution after centrifugation (3000 rpm for 10 min) was  trans-
erred to another 1.5 ml  vial for the auto injector.

.5. Pooled urine and standard urine solutions of metabolites

A mixture of urine obtained from several healthy volunteers
as confirmed beforehand to contain only slight amounts or no
etectable amount of the target metabolites. This was  used as a
ooled urine sample.

The mixed metabolite stock solution was diluted with acetoni-
rile on each day of analysis at concentrations of 0, 2.0, 5.0, 10,
0, 50, 100 and 200 �g/ml. A 5.0 �l portion of each solution was
dded to another 10 ml  brown screw-capped tube containing 5.0 ml
ach of the pooled urine, and the working standard urine solutions
f metabolites were treated in the same manner as above for the
amples.

.6. Gas chromatography/mass spectrometry

The analytical conditions for GC/MS were as follows: injec-
ion amount, 1.0 �l; injection mode into the gas chromatograph,
plitless; sampling time, 2.0 min; capillary column, DB-5ms
30 m × 0.25 mm I.D., 0.25 �m film thickness, J&W Scientific, CA,
SA); column oven temperature, 70 ◦C (2 min) – 10 ◦C/min – 280 ◦C;

njection port temperature, 280 ◦C; carrier gas, helium; carrier gas
ressure, 89.7 kPa; total flow rate, 20.0 ml/min; column flow rate,
.38 ml/min; interface temperature, 300 ◦C; ionization method on
he mass spectrometer, EI; ionization energy, 70 eV; ionization

urrent, 60 �A; ion source temperature, 200 ◦C; analytical mode,
elected ion monitoring (SIM). The ions selected for SIM quantifi-
ation of the compounds are listed in Table 2.
togr. B 880 (2012) 66– 73 69

2.7. Calibration

The metabolites in the urine samples were determined
by the internal standard method. Their concentrations were
calculated by interpolation from the linear least-squares regres-
sion line of the multi-level standard curve plot of peak-area
ratio (area of metabolite/area of internal standard) versus the
concentration of metabolites in the working standard urine
solutions.

2.8. Recovery

Because authentic standards of tert-butyldimethylsilyl esters
of the target metabolites were not available, the efficiency of the
derivatizing reaction could not be determined, and therefore, the
absolute recoveries of the metabolites during the complete sample
preparation could not be evaluated. In this study, the recoveries
from the hydrolysis of urine samples until immediately before the
derivatization of the metabolites were examined as follows. The
pooled urine samples (5.0 ml,  n = 5) spiked with known amounts
(200 �g/l as the urinary concentrations) of each compound were
treated and determined according to the present method. On
the other hand, the pooled urine samples non-spiked with the
compounds were treated similarly until immediately before the
derivatization with MTBSTFA, and the compounds spiked to 1 ml
of the solutions (1000 �g/l as the concentrations in the solutions,
n = 5) were determined after their derivatization. Both quantitative
values for each compound were compared.

2.9. Quantification limits

The concentrations of the quantification limits of the metabo-
lites in urine samples were calculated from the quantitative values
of the working standard urine solution of the minimum concen-
tration needed to construct the calibration curves. The solution of
2.0 �g/ml of each metabolite concentration was prepared by dilut-
ing the mixed metabolite stock solution with acetonitrile. A 5.0 �l
portion of the solution was added to 5.0 ml  of the pooled urine
sample (n = 5) and analyzed according to the present method. The
standard deviations of the quantitative values were calculated for
each metabolite, and the quantification limits were defined as being
ten times the standard deviations [59].

2.10. Precision and accuracy

The precision and accuracy of the method were demonstrated
by repeated analysis of the urine samples spiked with each authen-
tic standard. Portions of 5.0 �l of the solution, which was diluted
to the concentration of 200 �g/ml from the mixed metabolite
stock solution, were spiked to 5.0 ml  of the pooled urine samples
(n = 5, 200 �g/l as urinary concentrations), and they were analyzed
according to the present method. The precision of this method
was  evaluated by the relative standard deviations (RSD) in stud-
ies with replicate assays (n = 5), and the accuracy of the method
was  evaluated based on the error of the assayed samples relative
to their spiked concentrations (RE). Furthermore, the urine sam-
ples (5.0 ml)  spiked with 5.0 �l aliquots of the other solutions,
which were diluted to the concentrations of 20 and 2.0 �g/ml
from the mixed metabolite stock solution, were examined simi-
larly (urinary concentrations: 20 and 2.0 �g/l each of metabolites,
respectively).
About 50 �l of the mixed metabolite stock solution was  added to
150 ml  of the pooled urine (ca. 170 �g/l as urinary concentrations).
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Fig. 2. Chromatogram of standard u

he urine solution was transferred in 5 ml  portions into 27 brown
crew-capped tubes. The metabolites in three tubes were analyzed
mmediately after preparation. The average concentrations of each
ompound determined for the tubes were considered to be those
f the metabolites at time zero. The remaining tubes were stored at
20 ◦C in the freezer until analysis. The contents of three samples
ach were analyzed periodically.

.12. Application

Spot urine samples from five healthy nonsmoking subjects with-
ut occupational exposure (16–48 years old) were collected, and
he target metabolites in the samples were determined by the pro-
osed method.

. Results and discussion

.1. Chromatography

The chromatogram of the standard urine solution containing the
5 target metabolites (concentrations of each metabolite: 200 �g/l)
etermined by the present method is shown in Fig. 2. All metabo-

ites were resolved within 22 min. In the chromatogram, the peaks
f diisopropylphosphate (internal standard) and diethylthiophos-
hate, and 1-naphthol and 3-methyl-4-nitrophenol overlapped
ith each other (peak no. 4 and 11 in Fig. 2), namely, their sepa-

ation was insufficient. However, the target ions and the reference
ons of these compounds shown in Table 2 did not exist or only

race amounts appeared as fragments of mass spectrum peaks
hat interfered with the determination. Therefore, the present
hromatographic method by SIM is satisfactory for the separate
etermination of all metabolites without their affecting each other.
olution (each compound; 200 �g/l).

3.2. Calibration

The slopes and intercepts of the calibration curves obtained by
measurement of the standard urine solutions are shown in Table 3.
For all compounds, the values of the correlation coefficient of the
normal linear regression lines were better than 0.9990 (n = 8), that
is, these calibration curves were linear over the concentration range
0–200 �g/l in the urine.

3.3. Recovery

As shown in Table 3, the recoveries for many metabolites dur-
ing the sample preparation, namely, hydrolysis of conjugates of the
metabolites, adsorption to the sorbent Isolute ENV+, desorption
from the sorbent by methylacetate and acetonitrile, and concen-
tration of the extraction solution, were more than 80%, indicating
adequate recoveries in spite of the long preparation processes. On
the other hand, the recoveries for dimethylphosphate (50%) and
bis(2-ethylhexyl)phosphate (54%) were low compared to others.
Therefore, to accurately quantify the urinary metabolites contain-
ing these compounds, it was  necessary to construct calibration
curves using the pooled urine spiked with authentic standard mate-
rials of the metabolites, and treated in the same manner as the
samples.

The recoveries of urinary dimethylphosphate were low, simi-
lar to findings in previous studies using liquid–liquid extraction
technique (recoveries; 57–71%) [25,52,56],  solid-phase extrac-
tion (56–67%) [55,58], or azeotropy with the appropriate solvent
(32–45%) [21], though they were higher with analytical meth-

ods using the lyophilization technique which required a long
time and special instruments (85–95%) [23,26].  The low recov-
ery of dimethylphosphate was presumed to be due to its high
polarity.
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Table  3
Calibration graphs, quantification limits and recoveries of urinary metabolites in the present analytical method.

Compound Calibration graph Quantification limit Recoveryb

Slope Intercept ra (�g/l) (%)

Dimethylphosphate 0.0033 0.0018 1.0000 1.4 50
Dimethylthiophosphate 0.0028 −0.0002 0.9998 0.8 76
Diethylphosphate 0.0021 0.0003 0.9998 1.2 103
Diethylthiophosphate 0.0037 0.0111 0.9991 1.6 92
Di-n-butylphosphate 0.0080 −0.0055 0.9992 2.3 100
Diphenylphosphate 0.0049 −0.0024 0.9992 2.6 82
Bis(2-ethylhexyl)phosphate 0.0025 0.0099 0.9990 3.1 54
3,5,6-Trichloro-2-pyridinol 0.0035 0.0099 0.9990 2.4 102
3-Methyl-4-nitrophenol 0.00070 −0.0004 0.9998 3.7 104
3-Methyl-4-(methylthio)phenol 0.0016 0.0008 0.9998 2.9 81
2-Isopropyl-6-methyl-4-pyrimidinol 0.0078 −0.0066 0.9995 1.8 84
2,4-Dichlorophenol 0.0028 0.0009 0.9997 2.7 101
2,5-Dichlorophenol 0.0021 0.0002 0.9996 2.1 99
1-Naphthol 0.0016 0.0023 0.9993 3.8 84
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2-Naphthol 0.0044 0.00

a Correlation coefficient (n = 8).
b Values are means for five samples.

.4. Quantification limits

The quantification limits of the 15 urinary metabolites were
.8–3.8 �g/l (Table 3). The concentrations for dimethylphosphate,
imethylthiophosphate, diethylphosphate and diethylthiophos-
hate were 0.8–1.6 �g/l in urine. Detection limits rather than
uantification limits were discussed in many previous studies on
heir analytical methods in urine samples. In the present study,
he detection limits of the metabolites in the urine samples were
efined as being three times [59] the standard deviations that were
btained in the examinations for the quantification limits (Section
.9). The concentrations of the detection limits of the 4 metabolites
ere calculated to be 0.2–0.5 �g/l in urine. These values were lower

r the same as those reported by many researchers who analyzed
heir pentafluorobenzyl-derivatives by GC/MS(EI) [19,24,25,55,60]
lthough Ueyama et al. [56] recently reported lower detection
imits (0.05–0.15 �g/l) of the metabolites on revision of their pre-
iously reported method [25]. In addition, the detection limits
btained were markedly lower than those for their chloropropyl-
erivatives determined by GC/MS(CI) (13–644 �g/l) [57] or for their

enzyl-derivatives determined by GC/MS(EI) (3–6 �g/l) [53]. The
alues of the detection limits for diphenylphosphate (0.8 �g/l) and
i-n-butylphosphate (0.7 �g/l) approximately agreed with those
btained using expensive equipment, GC/MS/MS [32,33].

able 4
recision and accuracy of the present analytical method.

Compound 200 �g/la

RSDb REc

Dimethylphosphate 0.9 1.4 

Dimethylthiophosphate 3.4 5.2 

Diethylphosphate 2.3 4.0 

Diethylthiophosphate 3.6 0.5 

Di-n-butylphosphate 2.2 2.0 

Diphenylphosphate 2.3 3.9 

Bis(2-ethylhexyl)phosphate 6.4 4.9 

3,5,6-Trichloro-2-pyridinol 6.7 6.8 

3-Methyl-4-nitrophenol 4.0 2.9 

3-Methyl-4-(methylthio)phenol 3.1 4.4 

2-Isopropyl-6-methyl-4-pyrimidinol 1.8 2.3 

2,4-Dichlorophenol 6.3 0.2 

2,5-Dichlorophenol 5.8 1.9 

1-Naphthol 6.4 3.9 

2-Naphthol 6.4 0.9 

a Concentrations of metabolites spiked into pooled urine samples.
b RSD values in studies with assays of five spiked samples (%).
c Error of assayed samples relative to their spiked concentrations (%).
0.9991 3.7 92

3.5. Precision and accuracy

The precision and accuracy of the present method for the deter-
mination of the urinary metabolites are shown in Table 4. The
RSD and RE values of many metabolites tended to increase at
low concentrations of the compounds. In urine samples with con-
centrations of 20 and 200 �g/l of the compounds, the RSD and
RE values for all 15 metabolites were <10% and <11%, respec-
tively, which indicate good reproducibility and accuracy. On the
other hand, in the study using samples with 2.0 �g/l, these values
for many compounds, except for dimethylphosphate, dimethylth-
iophosphate, diethylphosphate and diethylthiophosphate, were
more than 10%. These findings were considered to be due to
the quantification limits of the compounds (Table 3). The con-
centrations of the quantification limits of the metabolites, except
for above 4 compounds and 2-isopropyl-6-methyl-4-pyrimidinol,
were higher than 2.0 �g/l.

3.6. Storage stability
The stabilities of the metabolites in urine at −20 ◦C were exam-
ined, and the results are shown in Table 5. For all of the metabolites,
no degradation with time was  observed over one month. The results
show that urine samples collected from subjects can be stored for

20 �g/la 2.0 �g/la

RSDb REc RSDb REc

4.2 5.2 6.9 10.4
1.4 7.1 3.8 6.2
7.7 8.2 5.8 5.3
4.4 9.3 7.8 5.1
5.5 10.4 11.4 10.7
8.7 7.4 12.9 14.6
9.6 4.6 15.5 13.7
5.1 7.9 12.1 12.1
3.9 10.4 18.6 14.1
9.2 2.2 14.6 10.1
6.9 8.0 9.1 17.1
5.3 3.1 13.5 10.1
8.6 10.1 10.3 12.0
8.7 4.0 18.8 10.3
8.1 5.0 18.3 9.8
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Table  5
Stabilities of metabolites in urine at −20 ◦C.

Compound Storage time (days)

1 2 4 7 11 16 22 30

Dimethylphosphate 95 (2.4) 97 (1.4) 95 (3.0) 92 (7.3) 95 (0.48) 87 (6.7) 101 (4.5) 91 (5.4)
Dimethylthiophosphate 102 (1.7) 97 (3.6) 105 (3.7) 98 (8.2) 107 (4.7) 93 (8.3) 94 (3.4) 110 (6.7)
Diethylphosphate 97 (2.0) 96 (2.7) 110 (3.2) 93 (5.1) 107 (8.8) 92 (6.1) 104 (5.2) 93 (4.8)
Diethylthiophosphate 98 (2.6) 94 (3.1) 108 (3.7) 100 (8.0) 105 (7.8) 87 (7.8) 93 (1.2) 107 (8.2)
Di-n-butylphosphate 98 (2.1) 98 (3.7) 106 (4.2) 96 (9.5) 93 (5.9) 94 (5.9) 104 (2.7) 96 (9.7)
Diphenylphosphate 102 (7.4) 89 (4.4) 109 (5.6) 110 (5.3) 97 (7.2) 91 (6.4) 109 (8.0) 103 (3.6)
Bis(2-ethylhexyl)phosphate 113 (4.8) 118 (7.4) 116 (6.8) 112 (6.6) 100 (6.1) 106 (6.2) 109 (7.1) 106 (6.0)
3,5,6-Trichloro-2-pyridinol 97 (3.5) 104 (5.8) 110 (1.5) 108 (5.5) 92 (5.8) 109 (5.6) 115 (2.6) 92 (1.7)
3-Methyl-4-nitrophenol 95 (3.8) 91 (1.7) 107 (4.8) 94 (5.5) 89 (3.8) 88 (5.7) 95 (7.9) 85 (2.5)
3-Methyl-4-(methylthio)phenol 105 (3.4) 99 (5.3) 110 (3.7) 105 (8.4) 87 (4.2) 97 (9.3) 96 (3.2) 90 (5.6)
2-Isopropyl-6-methyl-4-pyrimidinol 93 (1.2) 98 (3.9) 107 (2.5) 99 (9.3) 104 (2.1) 93 (8.5) 111 (1.4) 109 (2.1)
2,4-Dichlorophenol 87 (2.4) 103 (8.1) 97 (0.87) 112 (7.7) 113 (7.2) 98 (5.3) 91 (5.5) 103 (5.2)
2,5-Dichlorophenol 100 (3.5) 97 (5.6) 111 (4.6) 100 (6.3) 105 (5.1) 87 (6.0) 89 (4.4) 89 (5.2)
1-Naphthol 100 (2.8) 103 (3.2) 105 (2.4) 96 (7.4) 95 (0.67) 91 (5.2) 96 (0.69) 96 (1.1)
2-Naphthol 102 (5.1) 114 (4.9) 110 (4.6) 114 (4.7) 119 (7.7) 111 (4.0) 118 (5.3) 118 (1.6)

Concentration of each compound just before storage (time: 0) was set at 100% (each compound: ca. 170 �g/l). The values are means for three samples. SD is in parentheses
(n  = 3).

Table 6
Urinary concentrations (�g/l) of metabolites in five healthy nonsmoking subjects
without occupational exposure.

Compound Subject

A B C D E

Dimethylphosphate 2.1 1.2 2.5 1.7 1.9
Dimethylthiophosphate 3.2 4.2 5.0 3.0 2.3
Diethylphosphate 2.0 6.5 3.2 1.6 2.6
Diethylthiophosphate 1.7 – 3.4 <QL <QL
Di-n-butylphosphate – – – <QL <QL
Diphenylphosphate 9.8 – – – –
Bis(2-

ethylhexyl)phosphate
–  – – – –

3,5,6-Trichloro-2-
pyridinol

–  – 17 – –

3-Methyl-4-
nitrophenol

–  – – – –

3-Methyl-4-
(methylthio)phenol

–  – – – –

2-Isopropyl-6-methyl-
4-pyrimidinol

2.2  – – – 3.3

2,4-Dichlorophenol – – – – –
2,5-Dichlorophenol 7.0 – 11 3.9 172
1-Naphthol – 4.4 – – –
2-Naphthol – <QL – – –

-: not detected.
<QL: The concentrations of the detectable metabolites were less than their quantifi-
c

u
a

3

fi
p
f
f
w
6
s
t
t

slightly poor at low concentrations. The quantification limits of the
ation limits shown in Table 3.

p to one month at −20 ◦C protected from light in a freezer until
nalysis.

.7. Application

The results of determination of the urinary metabolites in the
ve subjects are shown in Table 6. Urinary dimethylthiophos-
hate or diethylthiophosphate, which was one of the indexes
or monitoring exposure to organophosphorus insecticides, were
ound in the samples of all subjects. 3,5,6-Trichloro-2-pyridinol
as detected in the urine sample of subject C, and 2-isopropyl-
-methyl-4-pyrimidinol in those of subjects A and E. Therefore,
ubject C and subjects A and E were presumed to be exposed
o chlorpyrifos and diazinon, respectively. The urinary concentra-
ions of diethylthiophosphate, which was one of the major urinary
metabolites of chlorpyrifos and diazinon, in subjects A and C were
higher than those in other subjects. As just described, the determi-
nation of phenolic metabolites such as 3,5,6-trichloro-2-pyridinol
and 2-isopropyl-6-methyl-4-pyrimidinol could help to identify the
parent compounds exposed.

Diphenylphosphate and di-n-butylphosphate, of which urinary
excretion indicated the possibility of exposure to the correspond-
ing trialkylphosphates for flame retardants and plasticizers, were
detected in several subjects. The urinary 2,5-dichlorophenol con-
centration in subject E was markedly higher than those for the
others, and both 1-naphthol and 2-naphthol were found in the
urine of subject B. Therefore, it seemed highly possible that p-
dichlorobenzene and naphthalene, respectively, were employed as
moth repellents or toilet bowl deodorants in their households.

4. Conclusions

To evaluate exposure to organophosphorus compounds (insec-
ticides, and trialkylphosphates used as flame retardants and
plasticizers) and moth repellents in Japanese general population, a
simultaneous analytical method was  developed for their 15 urinary
metabolites, including several phenolic metabolites which help
identification of the parent compounds. The urine sample collected
was  hydrolyzed with concentrated hydrochloric acid, and a satu-
rated amount of ammonium sulfate was  added to the hydrolysate,
and then the metabolites were extracted using the sorbent Iso-
lute ENV+ (hydroxylated polystyrene-divinylbenzene copolymers).
The metabolites were desorbed with methylacetate and acetoni-
trile from the sorbent, concentrated, and after being transformed
into their tert-butyldimethylsilyl derivatives, were analyzed by
GC/MS(EI). The metabolites in the final analytical solution were
prepared to 33 times the concentrations in the urine sample. The
calibration curves were constructed by preparing and analyzing
the standard urine solutions spiked with authentic materials of the
metabolites in the same manner as the samples. The metabolites
displayed linear calibration curves over the urinary concentra-
tion range of 0–200 �g/l, and could be determined accurately and
precisely at the concentrations studied though the precision and
accuracy of the values measured for several metabolites were
metabolites were 0.8–4 �g/l in urine. In addition, the urine samples
collected could be stored for up to one month at −20 ◦C in a freezer
until analysis.
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