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Abstract

We developed a new and fast multidimensional on-line HPLC-method for the quantitative determination of the secondary,
chain oxidized monoester metabolites of diethylhexylphthalate (DEHP), 5-hydroxy-mono-(2-ethylhexyl)-phthalate (50H-
MEHP) and 5-oxo-mono-(2-ethylhexyl)-phthalate (50xo-MEHP) in urine samples from the general population. Also
included in the method were the simple monoester metabolites of DEHP, dioctylphthalate (DOP), dibutylphthalate (DBP),
butylbenzylphthalate (BBzP) and diethylphthalate (DEP). Except for enzymatic hydrolysis for deconjugation of the
metabolites no further sample pre-treatment step is necessary. The phthalate metabolites are stripped from urinary matrix by
on-line extraction on a restricted access material (LiChrospher ADS-8) precolumn, transferred in backflush-mode and
chromatographically resolved by reversed-phase HPLC. Eluting metabolites are detected by ESI-tandem mass spectrometry
in negative ionization mode and quantified by isotope dilution. Within a total run time of 25 min we can selectively and
sensitively quantify seven urinary metabolites of six commonly occurring phthalate diesters including the controversial
di(2-ethylhexyl)phthalate (DEHP). The detection limits for all analytes are in the low ppb range (045g+2.0rine). First
results on a small non-exposed groug-8) ranged for 50H-MEHP from 0.59 to 134g/1, for 50xo-MEHP from<LOQ to
73.0ng/l, and for MEHP from<LOQ to 41.1p.g/l. The other short chain monoester metabolites were detectable in every
sample with mean concentrations for MnBuP of 3ad/l, for MBzP of 7.19ug/l and MEP of 1.0 mg/l. With this rapid
and economic method we can determine the internal exposure of the general population to DEHP and other phthalates as
well as the body burden of occupationally and medically exposed subjects. The results can help to rank the risks of
phthalates in the areas of carcinogenesis, peroxisome proliferation and endocrine disruption. Since secondary, functionalized
metabolites of DEHP are included in the method an enduring problem of the past is excluded: sample contamination in the
pre-analytical and analytical phase by both di- and monoesters.
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1. Introduction [29—-34]. In humans, phthalates are rapidly cleaved to

their respective monoesters and a portion is further

Plastics have become an almost irreplaceable
component of our modern world. And so have the
plasticizers giving the synthetic material its desired
flexibility. Phthalates, the dialkyl or alkyl aryl esters
of phthalic acid have with 93% the lion’s share in the
plasticizers’ segment. Each year 900 000 t are pro
duced in Western Europe [1]. In Germany di(2-
ethylhexyl)phthalate (DEHP) with-250 000 t ac-
counts for 60% of phthalate production. It is esti-
mated that an additional 100 000 t of DEHP alone is
emitted into the environment through DEHP con-
taining waste every year in Germany [2—4]. Other
important phthalates application- and production-
wise are diethylphthalate (DEP), dibutylphthalate
(DBP), butylbenzylphthalate (BBzP), dinonylphptha-
late (DNP) and dioctylphthalate (DOP). In addition
to being used as plasticizers, phthalates are also used
as industrial solvents and lubricants, additives in the
textile industry and pesticide formulations, and as
components in consumer products such as deodor-
ants and perfumes [5-8].

Humans are exposed to phthalates in numerous
ways, e.g. by migration of phthalates into foodstuffs,
by dermal absorption of cosmetics or by inhaling
phthalate containing air [9—11]. In addition, specific
groups of the population such as workers in the
PVC-industry or medical patients undergoing
dialysis, blood transfusions or having implants are
potentially more heavily exposed [12—-17].

Several phthalates and some of their monoester
metabolites have shown teratogenic, reproductive
and developmental effects, toxicity to the testes and
liver carcinoma in rodents [18-20]. Effects on
humans in the areas of carcinogenesis, peroxisome
proliferation and endocrine disruption are contro-
versial [5,21-28].

External exposure scenarios have always been
difficult to evaluate. This is partly due to the fact that
phthalates have become ubiquitous in the environ-
ment and so phthalate diester measurements have
been hampered. It is also due to the fact that it has
always been difficult to deduce from measurements
of environmental contamination to actual individual
intake. An unambiguous assessment of the exposure
of the population to phthalates can only be achieved
by measuring specific metabolites of the phthalates,
preferably in urine, in a biological monitoring study

metabolized to oxidation products. These products
are then mainly excreted through the urine [35-39].
Analytical methods determining diesters in blood
or even monoesters in urine have been flawed in the
past due to the contamination factor. Sjoberg [38]
and Dirven et al. [39] performed biological moni-
toring studies after DEHP exposure and determined

four DEHP metabolites. Detection limits however

were not suitable for the determination of baseline
excretion in the general population. Neither were the
metabolite standards made available nor their syn-
thesis published. Since then no ongoing studies have
been performed on phthalate exposure by unequivo-
cal determination of secondary phthalate metabolites.
No reference values exist today for the excretion of
secondary metabolites of DEHP or other phthalates
for the general population. Blount et al. [40] de-
termined only the monoester metabolites of the most

applied phthalates. They circumvented a major con-
tamination problem of monoester analysis by intro-

ducingpaglucuronidase enzyme with no non-spe-

cific lipase activity. Conjugated phthalate monoesters
in urine could be deconjugated even in the presence
of phthalate diesters (being ubiquitously present)
without generating monoesters out of the diesters.
However, to definitely rule out contamination in the
pre-analytical phase during sample collection and
transportation by phthalate monoesters generated
through simple chemical or microbiological ester
cleavage of the diesters and not human metabolism,
we decided to focus our method on the secondary
metabolites of the most applied phthalate diester,
di(2-ethylhexyl)phthalate (DEHP). Those secondary
metabolites are 5-hydroxy-mono-(2-ethylhexyl)-
phthalate (50H-MEHP) and 5-oxo-mono-(2-

ethylhexyl)-phthalate (50xo-MEHP). They are gen-

erated in human metabolisth didation of the
monoester alkyl chain. Only by implementing those
secondary metabolites of DEHP in the analytical
method is the risk of external contamination ruled
out. Synthesis of those secondary metabolites was
published by Gilsing et al. [41] and the standards are
also available D4-isotopically labelled for internal
standard use. Fig. 1 illustrates the general humar
metabolism of phthalates and the resulting metabo-
lites analysed in our method.
With our method and subsequent results we hope
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Fig. 1. Metabolic pathway of phthalates. In the first step the alkyl- or alkylaryldiesters are hydrolyzed to form monoesters. In a second
phase-I-reaction monoesters react in part further to ferrandw-1 oxidation products. In a phase-ll-reaction the phase-I-reaction products
can be conjugated to glucuronic acid. The actual metabolites analysed are the phase-I-reaction products described by the single R bound tc

phthalic acid.

to provide insights into the actual exposure of the
general population and certain risk groups to phtha-
lates.

2. Experimental
2.1. Chemicals

5-Hydroxy-mono-(2-ethylhexyl)-phthalate (50H-
MEHP), 5-oxo-mono-(2-ethylhexyl)-phthalate (50xo-
MEHP) and their D4-ringlabelled analogues were
synthesized in cooperation with the “Instituf’ fur
Dunnschichttechnologie und Mikrosensorik eV.
(IDM)” according to Gilsing et al. [41]. All four
compounds had chemical purity95%. The isotopic
purity of each labelled internal standard was tested

by LC-MS-MS and contained no measurable un-
labelled or partially labelled (D3 or D2) compound.
Monoethylphthalate (MEP), momebutylphtha-
late (MnBuP), mono-isobutylphthalate (MiBuP),
monobenzylphthalate (MBzP), mono-(2-ethylhex-
yl)phthalate (MEHP), and mono-octylphthalate
(MOP) were synthesized in our laboratory from
phthalic anhydride and the respective alcohols by
esterification according to Dirven et al. [39]. The
products were characterized by mass spectrometry,
C- and H-NMR. D4-monoethylphthalate, D4-
moroutylphthalate, D4-monobenzylphthalate
and D4-mono-(2-ethylhexyl)-phthalate were synthe-
sized in our laboratory from 3D-, 4D-, 5D-, 6D-
ringlabelled phthalic anhydride and the respective
alcohols again according to Dirven et al. [39]. The
products were characterized by mass spectrometry

13
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and ' H-NMR. All monoesters had a chemical purity
>95%. The isotopic purity of each labelled internal

standard was tested by LC—-MS—MS and contained

no measurable unlabelled or partially labelled (D3 or
D2) compound.

Acetonitrile, water, ethanol (all of HPLC-grade),
acetic acid (glacial, extra pure) and ammonium

acetate p.a. were purchased from Merck, Darmstadt,

Germany. B-Glucuronidase fromEscherichia coli
K12 was purchased from Roche Biomedical, Mann-
heim, Germany.

2.2. Sandard preparation

The stock solution for the native standards was
prepared by dissolving 10 mg MEP, MnBuP, MBzP,
MEHP, 50H-MEHP, 50x0-MEHP and MOP in 25 ml
acetonitrile (400 mg/l). This stock solution was
stored at—18°C in a Teflon-capped glass vial until
further use. A 0.5-ml aliquot of this stock solution
was placed in a 100-ml glass volumetric flask and
diluted to the mark with water (2 mg/l). This

solution served as the highest standard and the

working solution for the preparation of the other
standard concentrations (2 mg/I-04g/l). The

stock solution for the internal standards was prepared

by dissolving 25 mg D4-MEP and 5 mg D4-MnBuP,
D4-MBzP, D4-MEHP, D4-50H-MEHP and D4-

50x0-MEHP in 25 ml acetonitrile. This stock solu-
tion was stored at-18°C in a Teflon-capped glass

vial until further use. A 1.0-ml aliquot of this stock

solution was placed in a 100-ml glass volumetric
flask and diluted to the mark with water (10 mg/I
D4-MEP and 2 mg/I for the other D4-standards).

2.3. Sample preparation

Frozen urine samples were allowed to equilibrate
to room temperature. The samples were vortex
mixed and 1-ml aliquots were then transferred to
1.8-ml glass screw-cap vials. Then 2Q0 ammo-
nium acetate (M, pH 6.5), 50ul of the D4-internal
standard solution and l B-glucuronidase were

added to the samples. The samples were incubated

for 1.0 h at 37C in a drying oven. After hydrolysis

each sample was vortex mixed, ultrasonicated and

frozen at—18°C, thawed again, centrifuged at 3000
g for 10 min and the supernatant transferred into

H.M. Koch et al. / J. Chromatogr. B 784 (2003) 169-182

another 1.8-ml glass screw-cap vial. Auwl600-
aliquot was then injected into the LC-MS-MS
system for quantitative analysis.
Urinary creatinine concentrations were determined
according to Larsen [42].

2.4. Calibration procedure and quality control

A stock solution was prepared containing 400 mg
of each monoester per liter acetonitrile. From this
standard stock solution 11 calibration standards were
prepared by diluting the solution with water. The
solutions were spiked with concentrations in the
range from 0.4 to 200Gwg/l. Unspiked water was
used as a blank. The standards were processed as
described in Section 2.3. Linear calibration curves
were obtained by plotting the quotients of the peak
areas of the monoesters and the respective D4-inter-
nal standards as a function of the concentrations
used. These graphs were used to ascertain the
unknown concentrations of the monoesters in urine
samples. D4-MEHP was used as an internal standard
for both MEHP and MOP.
As there was no quality control material commer-
cially available it had to be prepared in the labora-
tory. For the low-concentration quality control ma-
terial we spiked water witlhhd @f each monoester
per liter. For the high-concentration quality control
material we spiked pooled urine from laboratory
personnel with 10§ monoester per liter after
freezing and filtering the urine. Due to different
background levels of each monoester in the pooled
urine this resulted in concentrations ranging from
~100 to 900 ug/l. The pools were divided into
aliquots and stored at18°C. For quality assurance
one low- and one high-concentration control sample
was included in each analytical series.

Within-day repeatability was determined by
analysing the low- and high concentration quality
control urine eight times in a row. Between-day

repeatability was determined by analysing the quality
control samples on 8 different days. Furthermore
imprecision was determined using eight spiked in-
dividual urine samples with a creatinine content from
0.24 to 2.12 g/l. The monoester content of the
non-spiked specimens varied strongly from subject to
subject. Spiked specimens (spiked concentration 400
g/l for MEP and 50ug/1 for the other monoesters)
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and the same specimens without the addition of Analyst 1.1 Software from Perkin-Elmer except the
monoesters were analysed. isocratic pump. A guard column (phenylprop$l, 4

mm, Phenomenex) was placed in front of the ana-
2.5. LC-MS-MS analysis lytical column to extend its lifespan. During routine

measurements it was replaced afti00 injections.
2.5.1. Liquid chromatography
Liquid chromatography was carried out on a 2.5.2. Mass spectrometry

Hewlett-Packard HP 1100 Series HPLC apparatus The MS—MS detection was performed on a Sciex
(auto sampler, quaternary pump, vacuum degasser) API 2000 LC-MS—-MS system. The ion source-
and an additional isocratic Merck-Hitachi L6000A dependent (turbo ion spray) conditions were the
pump from Merck (Darmstadt, Germany). The latter same for all of the analytes with an electrospray
was used to load the sample (6@0-aliquot) on a needle voltage 6f4000 V in the negative ion mode.
RAM (restricted access material) phase, a Nitrogen as nebulizer and turbo heater g&3) (500
LiChrosphel’ RP-8 ADS (2fum) 25x4 mm RAM was set at a pressure of 35 and 68 p.s.i., respectively.
from Merck (Darmstadt, Germany) using a 1% The curtain gas was set to 45 p.s.i.. The collision gas
aqueous solution of acetic acid and methanol (90:10, , (N ) for the MS—MS mode at quadrupole Q2 was set
v/v) as the mobile phase and a flow-rate of 0.8 to a flow of 4 (instrument units). Continuous flow
ml/min. After this clean-up and enrichment step the injections of standard solutions for all analytes were
analytes were transferred to a reversed-phase HPLC performed to establish the MS—MS operating con-
column (Luna Phenyl-Hexyl 1504.6 mm, 3 um ditions with the syringe pump system of the API
particle size from Phenomenex, Aschaffenburg, Ger- 2000. For each analyte at least two specific parent-
many) in backflush mode through a time controlled daughter ion combinations were monitored with one
ten-port valve on the API 2000 Sciex MS-MS (PE combination being used for quantification and the
Biosystems, Langen, Germany) and an LC pump other(s) for verification. MS—MS operating condi-
gradient described in Table 1. Fig. 2 shows the tions in the MRM-mode for all parameters were as
backflush arrangement. All steps were controlled by follows: resolution Q1, unit; resolution Q3, low;
Table 1
Analysis program of the gradient pump
Program Time Eluent A Eluent B Eluent C Flow-rate Position Analysis
step (min) (vol. %) (vol. %) (vol. %) (ml/min) of value step
1 0 45 45 10 0.6 A RAM-

charging
2 6 B Transfer
3 8 A Separation
4 10
5 10.1 12,5 77.5
6 13 10 85 5
7 135 0 100 0
8 15.6 B Washing
9 15.9 0.8
10 16 0 100
11 21 A Washing
12 211 100 0
13 24
14 24.4 45 45 10 0.6 Reconditioning
15 25

The second pump (isocratic precolumn pump) continuously pumps the mobile phase (water, 10% vol. MeOH, 1% acetic acid) for the
RAM charging/fractionation step at a flow-rate of 0.8 ml/min. Solvent A: 10% acetonitrile in a 1% aqueous solution of acetic acid; solvent
B: 90% acetonitrile in a 1% aqueous solution of acetic acid; solvent C: 100% methanol.
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age of the most important phthalates and effective-
ness.

analytical In order to build a fast and easy method we
m applied novel HPLC on-line enrichment and column-

switching techniques and combined them with state-

Valve position A: RAM-phase charging

gradient

—— of-the-art MS—MS detection. The applied RAM-
phase enabled us to extract the analytes online out of

auto- isocratic l the matrix and transfer them with a switching valve

sampler] pump directly onto the analytical column. This effective

clean-up and the use of the highly sensitive and
RAM-phase selective ESI-MS—-MS-detection ensured a smooth
and false-positive-free performance. Because of the
limited number of off-line sample preparation steps
we not only minimized the input of manpower, but
also the risks of contamination with various phtha-
lates in the analytical phase. Yet for the first time we

Valve position B: transfer and separation

anallytical MS-MS present a method measuring not only the monoester
gradient coumn metabolites of the most applied phthalates, but also
pump — secondary metabolites of DEHP, one of the most

controversially discussed phthalates, in one analyti-

I cal run.

3.2. Enzymatic hydrolysis

isocratic
pump

RAM-phase

Phthalate metabolites are excreted in urine partial-
Fig. 2. Two-column HPLC system with backflush arrangement |y as glucuronides. Deconjugation of the glucuronic
for the analyte transfer step in valve position B. The system is acid has posed a great problem in the past since
automatically controlled via a six-port switching valve. . . .

simple acid hydrolysis could also cause cleavage of
the phthalate ester bond. The same has been the case

settling time, 5 ms; MR pause, 5 ms; and scan time, with previously applied glucuronidase-enzymes
75 ms. Analyte specific parameters are shown in which also had considerable non-specific lipase
Table 2. activity. As a result there has always been great
potential for contamination in the analytical process
2.6. Sudy subjects since phthalate monoesters could be degraded out of
the ubiquitously present diesters in laboratory en-
For a pilot study we investigated eight spot urine vironment. Blount et al. [40] were the first to
samples from members of our laboratory staff. They introduce a method applying an enzyme with no
were all male, aged between 26 and 41 and occupa- measurable lipase aEtivityi B-glucuronidase
tionally not exposed to phthalates. Two of them were (K12 from Roche Biomedical). We applied that
smokers. enzyme and checked it for unspecific lipase activity.

Incubated solutions of the phthalate diesters (10
mg/l in water) showed no measurable monoester

3. Results and discussion formation under our experimental conditions. En-
zymatic deconjugation of the glucuronic acid was

3.1. General considerations found to be complete after 30 min for all analytes.
Urine specimens however were incubated with the

Method development was led by three require- enzymelfdh to ensure complete deconjugation.

ments: minimization of contamination factors, cover- Yet one has to keep in mind that the introduction of
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Table 2
MRM-parameters for each specific parent and daughter ion combination
Analyte Parent ion Daughter ion Retention DP FP EP CE
(Q1) (Q3) time (min)
MEP 193 77 11.05 —-16 —-320 9.5 —22
193 77 -16 —310 4 —-14
D4-MEP 197 81 11.00 -21 —350 10 —16
5-OH-MEHP 293 77 12.30 —-16 —330 8.5 —40
293 127 —-16 -330 8.5 —24
D4-50H-MEHP 297 125 12.25 21 —340 115 —26
50x0-MEHP 291 77 13.05 -11 —340 9 —40
291 121 —-16 —340 9 —-20
D4-50x0-MEHP 295 125 13.00 -31 —350 115 —26
MnBP 221 71 13.35 —-16 —320 6 -20
221 127 =21 —320 6.5 -20
221 134 -21 —320 6.5 —-20
MiBP (see MnBP) 13.10
D4-MnBP 225 81 13.30 -21 —300 —24
MBzP 225 77 13.80 -21 —350 4 -30
225 107 =21 —350 4 —18
D4-MBzP 259 107 13.77 —26 —330 10 —18
MEHP 277 127 15.18 -21 —350 9.5 —26
277 134 -21 —350 9.5 —26
D4-MEHP 281 138 15.15 -21 —340 10 -20
MOP 277 127 15.37 -21 —350 9.5 —26
277 134 21 —350 9.5 —26

CE, collision energy (V); DP, declustering potential (V); EP, entrance potential (V); FP, focusing potential (V).

® Parent—daughter ion combination used for quantification.

E. coli B-glucuronidase K12 only minimizes the
within laboratory contamination risks, but not any
possible contaminations in the pre-analytical phase.
There is still the risk of measuring false elevated
monoester content in some cases. This problem can
only be circumvented by including secondary metab-
olites in the method. Secondary metabolites for
DEHP are e.gw, w-1 andp oxidation products of
the monoesters alkyl chain.

3.3. Liquid chromatography

In preparation for liquid chromatography the
hydrolyzed samples were frozen, thawed and cen-
trifuged in order to precipitate cryophilic proteins
and particulate matter. This procedure proved not to

influence the precision and accuracy of the method
as was shown by tests with spiked individual speci-
mens. Precipitation was considerable for some speci-
mens. Since no guard column could be placed in
front of the RAM-phase due to adsorption effects
and the backflush arrangement this step was essential
for extension of the RAM-phase lifetime.
We applied an LC-LC column switching method
which enabled us to perform an online sample
extraction/fractionation step with subsequent chro-
matographic separation of the analytes on an ana-
lytical column. The elution power of the gradient
solvent was sufficiently strong to desorb the analytes
from the pre-column, but not strong enough to start
significant chromatographic migration for most of
the analytes on the analytical column. A change in
flow direction (backflush) in the transfer step caused
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the analytes to refocus on the analytical column and
increased sensitivity.

LiChrospher’ ADS8 (alkyl-diol-silica) material is
a special reversed-phase sorbent for LC-integrated
sample preparation. Extraction is based on two
chromatographic processes: reversed-phase and size
exclusion chromatography. LiChrospher ADS thus
belongs to the class of restricted access materials
(RAM). Macromolecules with a molecular weight

H.M. Koch et al. / J. Chromatogr. B 784 (2003) 169-182

X8® mm) from Waters also showed excellent

performance in half the time per analytical run, but
with the compromise of almost no separation of the

two MBP isomers.
Yet we decided to stay with the phenyl-hexyl
column since in almost all specimens considerable
amounts of both MnBP and MiBP in varying ratios
could be detected.

greater than 15 kDa are not able to penetrate the 3.4. Mass spectrometry

pores and are so eluted with the void volume of the
column. Analytes migrating into the pores are re-
tained by CB8-RP-interactions. All analytes were
quantitatively retained on the ADS material. As an
alternative to LiChrosph&r ADSS8, LiChrospher
ADS18 material also proved to be suitable.

Analytes were transferred onto the analytical
column by a ten-port switching valve integrated into
the Sciex API 2000 mass spectrometer. A six-port
switching valve would have been sufficient to per-
form the task as Fig. 2 shows.

Due to the on-line sample extraction and switching
procedure several chromatographic requirements had
to be taken into account. The isocratic solvent was
optimized to a 1% aqueous solution of acetic acid
and methanol (90:10, v/v) ensuring maximum clean-
up on the RAM-phase and no analyte losses. The
starting conditions for the gradient solvent with 45%
water, 45% acetonitrile and 10% methanol were
found to be optimal for transferring the analytes from
the RAM-phase and focusing on the analytical phase.
LC-LC parameters are abstracted in Table 1. Wash-
ing of the RAM- and the analytical phase was
performed by the gradient pump providing the
needed ratio of organic solvent. A second gradient
pump can reduce the time for the washing step
significantly since the RAM-phase can be washed
directly after the transfer.

The chromatographic separation had to be opti-
mized to distinguish the structural isomers MnBP
and MiBP and the structural isomers MEHP and
MOP since they resulted in the same daughter ion
spectra. For MnBP and MiBP a peak but not a full
baseline separation could be achieved. Yet the iso-
mers could also be distinguished because of their
different daughter ion intensities. Best peak shapes
and separation properties were obtained on a phenyl-
hexyl column. An Xterra RP18 column 2.5m

Blount et al. [40] achieved excellent results in
phthalate monoester detection applying atmospheric
pressure chemical ionization (APCI). We also tested

APCI and compared it to electrospray ionisation

(ESI) on the API 2000. With ESI in the negative
mode we got excellent limits of detection without
extensive co-optimization of related APCI parame-
ters. Compound specific mass spectrometer parame-
ters were optimized for each compound automatical-

ly by the Quantitative Optimization Wizard of the

Sciex AndlySoftware. The source specific pa-
rameters were optimized manually for the LC con-
ditions used during analysis depending on flow-rate
and eluent compositipn. Q ESI negative ion mass
spectra with tentative fragment structures for MEHP,
50H-MEHP, 50x0-MEHP and D4-50H-MEHP are
shown in Fig. 3. The chosen parent ions for the
MS—MS fragmentation of all analytes were [M—H] .
At least two daughter ions were monitored for each
analyte ensuring maximum selectivity. With a scan
time for each fragmentation of 75 ms, 20 parent—
daughter ion combinations were registered simul-
taneously in the MRM (multiple reaction monitoring)
mode of the API 2000. All combinations were
registered within the same time-window. MRM-pa-
rameters are illustrated in Table 2. The identity of

each analyte peak was confirmed by at least two

parent—daughter ion combinations and by matching
its retention time with its D4-labelled internal stan-
dard. For MnBP and MiBP three parent—daughter
ion combinations were registered, since MnBP and
MiBP are structural isomers with rather similar
retention times at the given conditions and un-
equivocal identification was performed by taking into
account differences in the relative daughter ion
abundance. Only MnBP was determined quantita-

tively since only D4-MnBP was present as internal
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Fig. 3. ESl-negative Q1 mass spectra of MEHP, 50H-MEHP, 50xo-MEHP and D4-50H-MEHP with the predicted structures of the
fragments.

standard. We however found that MiBP was present quantification was based on isotope dilution this
in concentrations in the same order of magnitude as variation in absolute signal intensity did not sig-
MnBP yet in varying ratios. In a future method nificantly deteriorate quantitative accuracy unless

MiBP will be implemented as an independent param- ionization was dramatically suppressed. Due to that

eter. For MOP D4-MEHP was used as the internal and because of the high variability in urinary MEP
standard. In contrast to MEHP, its isomer MOP was content (53.7-30%Q) 400 pg/l of D4-MEP
detected only in a small fraction of the analysed were spiked.
specimens.

For quantification the peak area ratio of analyte to 3.5. Calibration graphs
D4-internal standard was used. No unlabelled isotope

fragments were detectable in the labelled standards Urinary matrix did not influence slope and lineari-
even at high concentrations (10 mg/l) and after ty of the calibration curve. Calibration with the
going through the analytical process. No D-H standards spiked in water gave the same slopes as a
isotope exchange interfering with the analytical calibration with spiked urinary standards. Autonomy
precision was observed. from the urinary matrix was also demonstrated by
For MEP and D4-MEP in some cases ionisation determining the phthalates out of eight spiked in-
was strongly suppressed resulting in an up to ten-fold dividual urines with a wide range of creatinine
loss of sensitivity. This was probably due to co- content (0.24—2.12 g/l). Therefore calibration graphs

eluting substances in the urinary matrix. Since were obtained by analyzing spiked water standards.
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All calibration curves were linear within the given
concentration range (0.4—20Q/l) and produced
linear correlation coefficients greater than 0.99. This
wide working range was necessary to cover the
highly variable levels of the different phthalates in
human urine.

Samples with concentrations above the highest
calibration standard were diluted to fit the calibration
range. LOQ for each analyte and was prepared in water.

Reagent blanks were found to contain traces of Q2  contail®®-500-times the LOQ for each
MnBuP and MiBuP. For MnBuP blank concentra- analyte and was prepared from pooled urine
tions ranged from 0.4 to 2.0.g/l. The results were (creatinine content 1.08 g/l). For Q1 relative
corrected by background subtraction. The actual standard deviations for the various parameters were
source of contamination could not be located. No 2.5-8.3%, while for; Q2 the relative standard
other monoester or secondary phthalate metabolites deviations were 2.4-5.1%, demonstrating perfect
were found in water reagent blanks. repeatability of this method over the whole con-
centration range down to trace levels.

The relative standard deviation of the between-day
repeatability was determined on 8 different days and
was 2.7-15.1% for QJ,, and 2.3-13.8% for,Q2

could also check for a possible influence of the

complex biological matrix on the analytical result.
For that experiment relative recoveries were in the
range from 84.6 to 106.0% for all parameters and all
specimens.
In order to assess the within-day repeatability,
quality controlg, Q1  ang,Q2 were analysed
eight times in a roy,, Q1  contaib@dimes the

3.6. Reliability of the method

3.6.1. Precision and accuracy

As no certified reference material was commer-
cially available, accuracy had to be checked by
special recovery experiments. We apply those re-
covery experiments as strong acceptance criteria,

All data are presented in Table 3.
Imprecision was also calculated based on the eight
individual urine samples from the recovery experi-
ments described above. The relative standard devia-

which have proven to be very effective. Eight
different urine specimens were spiked with the
phthalates in question (30gwg/l for MEP and

tions for the parameters at the spiked concentrations
were 4.1-15.1% and thus within the analytical error
resulting from the precision of the method.

50 pg/l for the other parameters). The urine speci-

mens were selected to reflect a composition as 3.6.2. Detection limit and quantification limit

different as possible. As an indicator we use the
creatinine content which for the eight urine speci-
mens ranged from 0.24 to 2.12 g/l. In that way we

The limits of detection (LOD), defined as a signal-
to-noise ratio of three for the registered fragment
ions, were estimated to be 0.2hgll.0At this

Table 3
Quality control data and quantification limits of this method for the determination of primary and secondary phthalate metabolites in human
urine

Analyte Precision Accuracy LOQ
(6xSD)
Q1 .. Q2 ign Relative  recovery
(n=8)

Conc. RSD (%), n=8, Conc. RSD (%), n=8, Mean  Range

(rg/l) intra-day inter-day all) intra-day inter-day
MEP 9.0 3.7 4.7 890 5.0 10.0 91.7 76.6-103 2.0
50H-MEHP 10.3 2.5 2.7 125 3.6 2.3 90.9 84.8-95.0 0.5
50x0-MEHP 10.1 51 51 102 2.6 2.7 84.6 76.9-101 0.5
MnBuP 10.4 5.1 15.1 142 5.1 6.7 97.2 76.9-117 2.0
MBzP 9.0 3.9 3.6 98 2.5 4.7 99.6 87.2-122 0.5
MEHP 10.8 3.7 5.3 120 4.7 57 106 97.3-110 0.5
MOP 7.1 8.3 8.5 84 2.4 13.8 103 97.3-111 1.0

RSD, relative standard deviation; SD, standard deviation.
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concentration both or all three registered mass Table 4
fragments of each metabolite could be detected. The Results of biological monitoringn(=8): phthalate metabolites in
limits of quantification (LOQ), defined as ax6 human urine

standard deviation of a blank sample were estimated Analyte Mean Range
to be 0.5-2.0ug/1 (Table 3). (ha/l) (na/l)
50H-MEHP 23.0 0.59-124

3.6.3. Sources of error 50x0-MEHP 13.8 >LOD-73.5
The developed LC—LC_—MS—MS r_ne'Fhod has m:gp 100%87 >L?3|?7__4§620

proven to be robust and reliable. The lifetime of the \gzp 7.19 ~LOD-35.4

ADS8 column has exceeded 250 injections and no MnBuP 36.5 8.48-101

deterioration of quality control data has been ob- MOP <LOD <LOD

served. The guard column was replaced after 100
real life _sample w_ueghons. . N any urine sample. The concentrations of the metabo-
The highest priority was given to contamination : .

. lites were found to differ 100-fold from subject to
control. Polypropylene 100-ml specimen cups were

. subject, while for MEP the range was almost 1000-
batch-screened for phthalate mono- and diesters and .
: fold. Fig. 4 shows a chromatogram of a processed
found to contain acceptable traces of phthalate

diesters. Only approved material was used for sam- spot urine sample. The results suggest the exposure

ple collection. All other utilised chemicals and
materials were screened for the presence of monoes- MEP
ters. Only the approved chemicals and materials k
were used for the sample work-up. Total exclusion
of phthalate diesters could never be achieved. Re- ' ' ' ' '
agent blanks were run within each batch. Except for 5-OH-MEHP\ﬂ
MnBuP and MiBuP no background contamination

T T T T 1

was observed. For MnBuP background contamina- ; 7 ;
5-keto-MEHP )\A
—

tion was between 0.4 and 2409/l in the reagent
nation could still occur in the pre-analytical phase
new method.

relative abundance

blanks and was subtracted from all data. The actual
source for this contamination could not be located.

By this strict laboratory management we could ' T ' '
minimize the risk of contamination for the monoester MIBUP ~ n—MnBuP
during sample collection and transportation by phtha- oo
late monoesters generated through simple chemical MBzP —
or microbiological ester cleavage of the diesters, e.g.
on the skin and hands of the subjects. To definitely - : - ; s
rule out this exogenous contamination we incorpo-

determinations in the analytical phase. Yet contami-
MOP (n.d.)
rated the secondary metabolites of DEHP into the MEHP\M

T
2 4 6 8 10 12 14 16

3.7. Results of biological monitoring time (min)

The results of the biomonitoring of the eight Fig. 4. Chromatogram of a processed urine sample. Only the
persons not occupationally exposed to phthalates arequantifier parent—daughter ion combinations for the analytes are

ised in Table 4. All uri | tained shown. Concentrations were as follows: 50H-MEHP, 41g¥l;
summarised in fabie 4. All urineé samples contain€d g, \iepp, 48.6ug/1; MEHP, 15.0ug/l; MNBUP, 47.9ug/!;

the phthalate metabolites in question in different wgzp, 18.9ug/1: MEP, 404pg/1; MOP, not detected. Creatinine
concentrations, except MOP which was not found in content was 0.72 g/I.
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of the general population to phthalates is not negli-
gible and in some cases extremely high. This expo-
sure is probably caused by dietary intake, the use of
cosmetics etc. We checked the correlation coeffi-
cients for the excretion of the DEHP-metabolites and
found an almost perfect correlation between 50H-
MEHP and 5oxo-MEHP with a correlation coeffi-
cient of 0.9994. Correlations between 50H-MEHP,
50x0-MEHP and the primary metabolite MEHP were
evident but had weaker correlation coefficients (Fig.
5). One possible reason for the perfect correlation of
50H- and 50x0-MEHP is the close proximity in the
metabolic pathway. This may also explain the
weaker correlations between the primary metabolite
MEHP and the secondary ones. We also can not
totally exclude partial contamination of the samples
with phthalate di- or monoesters during collection.
This may cause a higher variation in monoester

H.M. Koch et al. / J. Chromatogr. B 784 (2003) 169-182

content and artificially elevated MEHP concentra-

tions in real life samples, as the offset of the

correlation curve for MEHP and 50H-MEHP in the

direction of MEHP might indicate. The secondary

metabolites are not susceptible in this way. The

correlation curve for 50xo- with 50H-MEHP almost
exactly passes through the point of origin.

A recent study also showed there to be a baseline
concentration for the excretion of phthalates. An
American study [43] which investigated the general
population using a more complex analytical pro-
cedure with similar detection limits also found
phthalates within the same concentration range in
urine samples. They however only measured phtha-
late monoesters and no secondary metabolites. We
were able to confirm the monoester results by also
determining the secondary metabolites of DEHP and
definitely rule out such contamination. Metabolism

studies of Peck and Albro [12], Schmid and Schlatter
[37] and Dirven et al. [39], found excretion ratios of
MEHP to 50x0-MEHP to 50H-MEHP of 1 to 1.1 to

80 - y = 0,6272x + 0,2544 3.4,1t02.3t03.1and 1.0to 0.7 to 1.5, respectively.
§70- R’ =0,9994 The excretion ratio we found for MEHP to 5o0xo-
=60 1 MEHP to 50H-MEHP was 1 to 1.6 to 3.0 fitting well
I 50 into that scheme. Schmid and Schlatter state that
% 404 10-25% of orally ingested DEHP is excreted in
o 30

urine as metabolites. Calculating with a 25% excre-
tion according to Schmid and Schlatter, 8.1% of the
101 ingested DEHP is excreted as 5OH-MEHP, 6.0% as
0 ; ’ 50xo0-MEHP and 2.6% as MEHP. Under the assump-
tion that the average person excretes 1.25 | urine per
day this would indicate a daily intake for DEHP of
288—-425pg/day in the mean depending on 50xo-,
50H- or MEHP as the basis for calculation. The

20

50 100 150
50H-MEHP [ug/L]

45 -

40 1 highest intake value for our group would indicate an

35 1 y=0.2811x + 15067 intake of 1.5-1.9 mg DEHP per day. Calculating
730 R=0,9898 with only a 10% urinary excretion of metabolites
5 251 would more than double those values. For Blount et

o

T 20 1 al. [43], a maximum intake was calculated to be

Z 15 46 pg/kg body-weight per day which would indicate
10 4 . an intake of 3.5 mg per day for a person of 75 kg
54 ¢ body weight.

0 T T
0

50 100 150
SOH-MEHP [ug/L] .
4. Conclusions

Fig. 5. Urinary excretion of the secondary DEHP metabolites

compared with each other and comparison of the excretion of the We h d | d liabl d fast
primary metabolite MEHP with the secondary metabolite 50H- € have developed a refiable, easy an as

MEHP. Linear correlation coefficients and linear functions are analytical procedure for the determination of various
shown for each graph. phthalates in human urine samples. To our knowl-



H.M. Koch et al. / J. Chromatogr. B 784 (2003) 169-182

181

edge this is the first time that secondary phthalate References
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