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Abstract

Many xenobiotics were identified as possible endocrine disruptors during the last decades. Structural analogy of these
substances to natural hormones may lead to agonists or antagonists of hormone receptors. For a comprehensive human bio-
monitoring of such substances, we developed a simple, reliable, and highly sensitive method for the simultaneous monitor-
ing of the parameters bisphenol A, triclosan, methylparaben, ethylparaben, propylparaben, butylparaben, benzophenone-1,
benzophenone-3, 3,5,6-trichloropyridin-2-ol, p-nitrophenol, genistein, and daidzein in urine. Thereby, optimization of the
enzymatic hydrolysis and the use of f-glucuronidase from E. coli K12 as well as sulfatase from Aerobacter aerogenes ensures
the acquisition of intact analytes without cleavage of ester bonds among parabens. Validation of the method revealed limits
of detection between 0.02 and 0.25 ug/L as well as limits of quantification between 0.08 and 0.83 pg/L. Thereby, the use
of analyte-free surrogate matrix for calibration and control material influenced the sensitivity of the procedure positively.
Furthermore, excellent precision in and between series was observed. Good absolute and relative recoveries additionally
proved the robustness of the multimethod. Thus, the procedure can be applied for exploring the exposome to these prominent
endocrine disruptors in the general population.

Keywords Phenols - Endocrine disrupting chemicals - Human biomonitoring - Enzymatic hydrolysis - Conjugates - GC-
MS/MS

Introduction

During the last decades, many xenobiotics which modulate
the human endocrine system by different mechanisms were
identified [1, 2]. A large group of these endocrine disrupt-
ing chemicals (EDC) features structural analogy to natural
hormones, e.g., estradiol, and may act as agonists or antago-
nist of hormone receptors, e.g., estrogen receptors (ERs) [3].
Consequently, structurally similar substances like genistein
and daidzein as well as further molecules with phenolic
structures may interact with these receptors and thus belong
to the described group of EDC [4].
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One of the most prominent representative of these sub-
stances is bisphenol A (2,2-bis(4-hydroxy-phenyl)propane,
BPA), for which effects on and through the endocrine sys-
tem were demonstrated in vitro as well as in vivo [5-7].
BPA is applied as a key component to produce epoxy resins
and polycarbonate plastics. An exposure of the population
exists via the environment caused from emissions of chemi-
cal processes using BPA but also directly from consumer
products [7]. Further phenolic substances of EDC poten-
tial, whose use in consumer products implicates a signifi-
cant exposure of the population, are triclosan (TCS) and
several esters of parahydroxybenzoic acid, so called para-
bens, which are frequently used as biocides in cosmetics
and personal care products [8—11]. Other prominent phe-
nolic substances with a comparable exposure pathway are
benzophenones, which are used as UV filters and thus are
ingredients of sunscreens but also cosmetics [12, 13]. A
human exposure to relevant phenolic substances can also
result from the degradation or metabolism of xenobiotics.
Of particular interest are metabolites from frequently used

@ Springer


http://orcid.org/0000-0002-8226-9227
http://crossmark.crossref.org/dialog/?doi=10.1007/s00216-022-04438-0&domain=pdf

556

Denghel H., T. Géen

pesticides which are carrying a phenolic moiety [14, 15].
Chlorpyrifos and chlorpyrifos-methyl are organophosphate
pesticides, for which endocrine effects were demonstrated
[16]. Both pesticides were degraded to 3,5,6-trichloropyri-
din-2-ol (2,3,5-trichloro-6-hydroxypyridine, TCPy) [17, 18].
Furthermore, TCPy can also derive from the metabolism of
the herbicide triclopyr [19]. Another prominent pesticide
product is para-nitrophenol (PNP), which is well known as
metabolite of parathion [20]. However, the substance can
also result from degradation and metabolism of parathion
and O-ethyl O-(4-nitrophenyl)phenylphosphonothioate
(EPN) [14].

Besides xenobiotics, the exposure to naturally occur-
ring endocrine disruptors should be taken into account for a
holistic exploration of the EDC exposure [21, 22]. Relevant
in this approach are the phytoestrogens genistein (5,7-dihy-
droxy-3-(4-hydroxyphenyl)-4H-1-benzopyran-4-one, GEN)
and daidzein (7-hydroxy-3-(4-hydroxy phenyl)-4H-1-benz-
opyran-4-one, DAI), which are consumed in considerable
amounts via nutrition occasionally [23]. After absorption in
the human body, GEN and DAI are eliminated via urine in
conjugate forms mainly [24]. GEN and DAI exhibit strong
ER binding and showed several adverse impact on human
fertility and reproductive parameters, such as sperm motility
and morphology [25-28].

In epidemiological studies, the questions, whether
adverse effects are resulted from synergistic or additive
effects of several compounds were addresse [29, 30]. The
application of a multicomponent method for the simulta-
neous determination of a broad range of EDC biomarkers
gives a crucial advantage to achieve these objectives. Several
biomonitoring studies demonstrated a relevant exposure of
the general population to bisphenol A, triclosan, parabens,
benzophenone UV filters, phenolic pesticide metabolites,
and phytoestrogens [23, 31, 32], which supports considering

Fig. 1 Chemical structures ° O
of the investigated analytes
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these compounds for an EDC relevant exposome. Neverthe-
less, the integrative approach for the human biomonitoring
of these previously mentioned phenolic agents must con-
sider several requirements and challenges. First, all phenolic
compounds are excreted effectively via urine, however, after
conjugation to glucuronic acid and sulfate [15, 31, 33, 34].
For determining the total exposure to the agent, an effec-
tive hydrolysis of these conjugates must be included in the
procedures. However, the inclusion of parameters with ester
groups, €.g., parabens, challenges this operation due to their
degradation sensitivity and demands a careful adjustment of
this analytical step.

We developed a simple, reliable, and highly sensitive
method for the simultaneous monitoring of the parameters
BPA, TCS, MHB, EHB, PHB, BHB, BP1, BP3, TCPy,
PNP, GEN, and DAI (Fig. 1) in human urine using gas
chromatography coupled with tandem mass spectrometry
(GC-MS/MS) considering the above mentioned require-
ments and challenges.

Experimental
Chemicals and materials

Benzophenone-1 (2,4-dihydroxybenzophenone, BP1),
benzophenone-3 (2-hydroxy-4-methoxybenzophenone,
BP3), bisphenol A (2,2-bis(4-hydroxyphenyl)propane,
BPA), n-butyl-4-hydroxybenzoate (butylparaben, BHB),
daidzein (7-hydroxy-3-(4-hydroxyphenyl)-4H-1-benzo
pyran-4-one, DAI), ethyl-4-hydroxybenzoate (ethylpara-
ben, EHB), genistein (5,7-dihydroxy-3-(4-hydroxyphenyl)-
4H-1-benzopyran-4-one, GEN), methyl-4-hydroxybenzo-
ate (methylparaben, MHB), n-propyl-4-hydroxybenzoate
(propylparaben, PHB), 4-nitrophenol (NP), and triclosan
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(5-chloro-(2,4-dichlorophenoxy)phenol, TCS) were pur-
chased from Sigma-Aldrich (Steinheim, Germany).
3,5,6-Trichloropyridin-2-ol (2,3,5-trichloro-6-hydroxypyr-
idine, TCPy) was obtained from Chem Service (West Ches-
ter, USA). Figure 1 shows the chemical structures of all
investigated analytes.

Isotope-labeled internal standards were included for every
compound in terms of quantitative evaluations. Thereby,
benzophenone-1-D5 (2’,3',4’,5’,6'-2H5-2,4—dihydroxyben—
zophenone, BP1-D5, chemical purity 99 %, isotopic purity
99 %), 2,3,5,6—2H4-ethyl-4—hydroxybenzoate (ethylparaben-
D4, EHB-D4, chemical purity 98 %, isotopic purity 98 %),
2,3,5,6-2H4-n—propyl-4-hydroxybenz0ate (propylparaben-D4,
PHB-D4, chemical purity 99 %, isotopic purity 99 %), and
2,3,5,6-H,-n-butyl-4-hydroxybenzoate (butylparaben-D4,
BHB-D4, chemical purity 98 %, isotopic purity 98 %) were
delivered by Toronto Research Chemicals (Toronto, Canada).
Benzophenone-3-D5 (2',3',4’,5’,6'-2H5-2-hydroxy—4-meth-
oxybenzophenone, BP3-D5, chemical purity 99 %, isotopic
purity 99 %), 2,2’,6,6’-2H4-bisphenol A (BPA-D4, chemi-
cal purity 99 %, isotopic purity 99 %), 2,3,5,6-*H,-methyl-
4-hydroxybenzoate (methylparaben-D4, MHB-D4, chemical
purity 99 %, isotopic purity 99 %), and triclosan-D3 (5-chloro-
(3,5,6—2H3—2,4-dichlorophen0xy)phenol, TCS-D3, chemical
purity 98 %, isotopic purity 98 %) were obtained from CDN
isotopes (Quebec, Canada). 3',5’,8—2H3—Daidzein (DAI-D3,
60 pug/mL in ACN, chemical purity > 98 %, isotopic purity
97 %) and 3’,5’,6,8—2H4—genistein (GEN-D4, 100 pg/mL in
ACN, chemical purity > 98 %, isotopic purity 95 %) were pur-
chased from Cambridge Isotope Laboratories (Andova, USA).
2,3,5,6-2H4-4-nitr0phenol (NP-D4, chemical purity 98 %, iso-
topic purity 98 %) was delivered by Sigma Aldrich (Stein-
heim, Germany). 2,3,4-l3C3-2,3,5-trichloro-6-hydr0xypyri-
dine (TCPy—13C3, chemical purity 99 %, isotopic purity > 95
%) was custom synthesized by the Institute for Organic and
Biomolecular Chemistry (Gottingen, Germany).

N-tert-butyldimethylsilyl-N-methyltrifluoroaceta-
mide (MtBSTFA) was acquired for derivatization from
Sigma-Aldrich (Steinheim, Germany). For hydrolysis,
B-glucuronidase from E. coli KI2 and B-glucuronidase/
arylsulfatase from Helix pomatia were obtained from Roche
Diagnostics GmbH (Mannheim, Germany). Sulfatase from
Aerobacter Aerogenes and p-glucuronidase from Helix poma-
tia Type H-1 (partially purified powder, >300,000 units/g
solid) were delivered by Sigma-Aldrich (Steinheim, Ger-
many). Acetonitrile (ACN, dry, GC grade), acetic acid (gla-
cial), methanol (MeOH, dry, GC grade) and toluene (dry,
GC grade) as well as ammonium acetate (NH,Ac, for analy-
sis), sodium acetate (NaAc, for analysis), and sodium chlo-
ride (NaCl, for analysis) were purchased from Merck KgaA
(Darmstadt, Germany). Double distilled water was generated
using a milli-Q-system (Millipore, Bedford, USA). Polysty-
rene divinylbenzene copolymer columns for solid-phase

extraction (SPE) (Isolute® 101, 100 mg sorbent, 1 mL capac-
ity, average particle size 65 um (irregular-shaped particles),
pore diameter 100 A) were supplied from Biotage AB (Upp-
sala, Sweden). Artificial urine medium was purchased from
Pickering Laboratories, Inc. (Mountain View, USA).

Preparation of standards and hydrolysis buffer

Stock solutions of BP1, BP3, MHB, EHB, PHB, BHB, NP,
TCPy, and TCS were set up by dissolving 1000 mg/L of the
reference substances in ACN. In contrast, stock solutions of
BPA, DAI, and GEN were prepared in EtOH in a concentra-
tion of 1000 mg/L. By dilution of the stock solutions with
ACN, an analyte working mix containing 1.5 mg/L DAI and
GEN as well as 0.5 mg/L of the remaining analytes was
prepared. Stock solutions of the internal standards were set
up in ACN by dissolving the reference substances BP1-D5,
BP3-D5, BPA-D4, MHB-D4, EHB-D4, PHB-D4, BHB-D4,
NP-D4, TCPy-13C3, and TCS-D3 in concentrations of 1000
mg/L each. Stock solutions of DAI-D3 and GEN-D4 were
received by the supplier in concentrations of 60 pg/mL in
ACN-D3 and 100 pg/mL in ACN, respectively. By dilution
of the stock solutions with double-distilled water, an internal
standard mix was prepared containing 1.5 mg/L GEN and
DATI as well as 500 pg/L of the remaining analytes. For the
hydrolysis buffer, 19.5 g NH,Ac were weighed in a 250-mL
volumetric flask filled up with double-distilled water. The
pH value was adjusted to a value of 6.5 through the addition
of glacial acetic acid. The buffer was stored in the refrigera-
tor at 4 to 8 °C and prepared freshly every 4 weeks.

Calibration procedure

Seven concentration levels were applied for calibration.
Therefore, 0.9 % NaCl (w/v) was spiked with different vol-
umes of the analyte working mix to achieve final concentra-
tions of 0.5, 1, 2, 5, 10, 25, and 50 pg/L of BP1, BP3, BPA,
MHB, EHB, PHB, BHB, NP, TCPy, and TCS. In contrast,
seven calibration levels containing 1.5, 3, 6, 15, 30, 75, and
150 pg/L of DAI and GEN were prepared. The calibration
samples were stored frozen as aliquots of 1 mL at —20°C
until analysis. Additionally, a blank sample consisting of
0.9 % NaCl (w/v) was integrated in every set of samples. For
analysis, the calibration standards were treated according
to the standard procedure in the “Sample preparation (final
procedure)” section. Finally, the ratios of the analytes’ peak
areas to the peak areas of the respective internal standards
were illustrated as function of spiked concentration to obtain
linear calibration curves. In terms of error correction, a spe-
cific isotopically labeled reference substance was included
as internal standard for every analyte of interest.
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Sample preparation (final procedure)

Before analysis, the used glassware was heated to 150°C
over night. Furthermore, disposable nitrile gloves were
worn during laboratory work. Initially, frozen urine sam-
ples were thawed, equilibrated to room temperature, and
mixed by vortexing. Afterwards, a hydrolysis step was
performed to cleave possible glucuronide or sulfate con-
jugates. Therefore, 20 puL of the internal standard work-
ing solution and 500 pL of 1 M NH,Ac hydrolysis buffer
(pH 6.5) were added to aliquots of 1 mL urine in 1.8 mL
screw glass vials. Afterwards, 10 uL of B-glucuronidase
K12 from E. coli and 10 pL of sulfatase from Aerobac-
ter aerogenes were supplemented, and the samples were
incubated over night at 37 °C. For solid phase extraction,
Isolute® 101 cartridges were preconditioned successively
with 500 uL MeOH, 250 uL. ACN and twice with 500 puL
of 1 M NH,Ac hydrolysis buffer (pH 6.5) and loaded with
the hydrolyzed urine samples. A washing step with 500
pL buffer, 750 puL double-distilled water and 500 uL. 50%
MeOH was included. Afterwards, the SPE cartridges were
centrifuged for 10 min at 1900 X g and dried for another
10 min under vacuum. The samples were eluted with 4 X
200 pL of ACN into 1.8 mL screw glass vials containing
200 pL of toluene as a keeper. The eluates were concen-
trated to a volume of 100 uL using a gentle stream of
nitrogen. Afterwards, derivatization was performed (see
the “Derivatization process (final procedure)” section).

To assess possible sample contamination with ubiqui-
tously free BPA or with DAI and GEN from contaminated
enzyme solution [35], every sample preparation series con-
tained a blank sample, consisting of all used reagents and
purified water instead of urine.

Derivatization process (final procedure)

Derivatization was performed by the addition of 30 pL. MtB-
STFA to the concentrated sample extracts. After gentle vor-
texing and a reaction time of 10 min at room temperature,
the samples were transferred to micro vials and measured
via GC-AEI-MS/MS (see the “Gas chromatography- tandem
mass spectrometry (GC-MS/MS)” section).

Exploration of the sample preparation conditions

Sample preparation and derivatization were adjusted to
optimize the determination of all parameters. Furthermore,
surrogate matrices for calibration and control materials
were tested as an alternative to pooled human urine. The
conditions for the enzymatic hydrolysis of conjugates with
glucuronic acid or sulfate were optimized.

@ Springer

Applicability of the derivatization procedure

The suitability of MtBSTFA as derivatization agent was
verified for the defined analytical spectrum. Therefore, 100
UL of solutions containing 1 mg/L of BP1, BP3, MHB, EHB,
PHB, BHB, NP, TCPy, and TCS in toluene were silylated
with 30 uLL of MtBSTFA according to the standard proce-
dure in the “Derivatization process (final procedure)” sec-
tion and analyzed in full-scan mode. For DAI and GEN,
stock solutions of 200 mg/L. were directly derivatized with
30 pL of MtBSTFA according to the final procedure without
further dilution. An analysis blank containing pure toluene
without any analyte was prepared and measured analogously
to identify the relevant analyte signals and determine their
retention times for the applied temperature program (see the
“Gas chromatography- tandem mass spectrometry (GC-MS/
MS)” section).

Suitability of matrices for calibration and control material

The suitability of human urine and surrogate matrices was
investigated for the preparation of calibration and qual-
ity control material. As the use of analyte-free surrogates
instead of contaminated pooled human urine samples was
already successfully implemented in previous studies [36,
37], different matrices were tested, among them pooled
human urine and two surrogates including 0.9% sodium
chloride solution and artificial urine.

To this end, three-point calibration curves containing 2,
10, and 50 pg/L BP1, BP3, BPA, MHB, EHB, PHB, BHB,
NP, TCPy, and TCS as well as 6, 30, and 150 ug/L DAI and
GEN were spiked and analyzed in triple in pooled human
urine, 0.9% sodium chloride solution, and artificial urine,
respectively. The resulting averaged calibration curves in the
different matrices were compared for all investigated ana-
lytes. Thereby, the slope of the averaged calibration curve
in human urine was used as a reference equally to 100%.
Moreover, the slopes of the averaged calibration curves in
sodium chloride solution and artificial urine were related
to this reference point. Values between 80 and 120% were
assumed acceptable.

Optimization of the enzymatic hydrolysis

In a first approach, four different modifications of the enzy-
matic hydrolysis step were tested. Thereby, deconjugation
with 10 pL p-glucuronidase/arylsulfatase from Helix poma-
tia pH 5 (A) was compared with three further incubations:
B-glucuronidase Type H-1 from Helix pomatia pH 5 (B),
10 pL B-glucuronidase from E. coli K 12 pH 5 (C), and
10 uL B-glucuronidase from E. coli K 12 together with 10
pL sulfatase from Aerobacter aerogenes Type VI pH 5 (D).
Thereby, 1 mL aliquots of human urine samples containing



Comprehensive monitoring of a special mixture of prominent endocrine disrupting chemicals... 559

glucuronide and sulfate conjugates of the investigated ana-
lytes were prepared with 500 uL of 0.4 M NaAc buffer (pH
5) (procedures (A), (C), and (D)) and 20 pL of the internal
standard mix in 1.8 mL screw vials. Afterwards, hydrolysis
enzymes were added according to the respective approach.
In case of procedure (B), 40 mg of pB-glucuronidase Type
H-1 from Helix pomatia were weighed into 10 mL 0.4 M
NaAc buffer (pH 5). Afterwards, 500 pL of this mixture and
20 pL of the internal standard mix were applied to 1 mL
urine. The mixtures were incubated at 37°C over night and
further processed according to the final operating procedure
(see the “Sample preparation (final procedure)” subsection)
using 0.4 M NaAc buffer (pH 5) instead of 1 M NH,Ac
buffer (pH 6.5).

In a second approach, another four different modifications
were tested for the enzymatic hydrolysis. Again, deconjuga-
tion with 10 pL B-glucuronidase/arylsulfatase from Helix
pomatia pH 5 (A) was used as a reference. Furthermore, 10
pL B-glucuronidase from E. coli K 12 together with 10 puL
sulfatase from Aerobacter aerogenes Type VI were tested for
pH 5 (B) and 6.5 (C). Additionally, 10 pL p-glucuronidase
from E. coli K 12 together with 50 uL sulfatase from Aero-
bacter aerogenes Type VI were prepared at pH 6.5 (D).
Thereby, 1 mL aliquots of human urine samples contain-
ing glucuronide and sulfate conjugates of the investigated
analytes were prepared with 500 pL hydrolysis buffer (1 M
NH4Ac buffer pH 6.5 or 0.4 M NaAc buffer pH 5, respec-
tively) and 20 pL of the internal standard mix in 1.8 mL
screw vials. Afterwards, hydrolysis enzymes were added
according to the respective approach. Again, the mixtures
were incubated at 37°C over night and further processed
according to the final operating procedure (see “Sample
preparation (final procedure)” subsection).

Gas chromatography-tandem mass spectrometry
(GC-MS/MS)

For GC-MS/MS, a Thermo Scientific TRACE 1310 gas
chromatograph equipped with a split/splitless injector with
a deactivated single taper helix liner, a Thermo Scientific
TriPlus RSH autosampler, and a Thermo Scientific TSQ
9000 triple quadrupole mass spectrometer with an advanced
electron ionization (AEI) source installed (Thermo Fisher
Scientific Waltham, USA) were used. Chromeleon Software
Version 7.2.8 was applied for device control and data analy-
sis. A volume of 1 pL sample was injected into the system
in splitless mode with a purge flow of 3.0 mL/min to vent
after 1.2 min. The injector temperature was set to 320°C.
A 5%-phenylarylene/95%-dimethyl polysiloxane low-bleed
capillary column (ZB5 ms plus, 30 m X 250 pm X 0.25 pm)
(Phenomenex, Aschaffenburg, Germany) was used for gas
chromatographic separation at a constant flow of 1.2 mL/min
helium carrier gas. The oven temperature was initially held

at 120°C for 2 min. Afterwards, the temperature was raised
in two steps: the first ramp was heated with a rate of 20°C/
min up to 210°C and finally increased with 65°C/ min to
320°C. The final temperature was held for 9 min. A total run
time of 17.2 min resulted for the chromatographic run. The
transferline was held at 280°C. The ion source was operating
at a temperature of 250°C with an electron energy of 50 eV
in timed acquisition mode. Argon was used as collision gas.
The mass spectrometer was working in multiple reaction
monitoring (MRM) mode to detect the eluting analytes. The
MS/MS operating conditions were adjusted via Auto SRM
using a derivatized mixture of all investigated analytes (see
the “Applicability of the derivatization procedure” subsec-
tion). Thereby, mass transitions of the most sensitive and
selective precursor ions were optimized concerning product
ions and corresponding collision energies (CE). Mass transi-
tions with higher sensitivities were chosen as quantifiers for
quantification, while two others were applied as qualifiers
to further verify the compounds of interest.

Quality control

Quality control material was prepared by spiking analyte
free matrix (0.9 % NaCl (w/v)) with the investigated ana-
lytes in two different concentration levels. Thereby, Q ..,
was spiked with 1 ug/L of BP1, BP3, BPA, MHB, EHB,
PHB, BHB, NP, TCPy, and TCS as well as 10 pg/L of GEN
and DAL In contrast, Q y;,, contained 10 pg/L of BPI,
BP3, BPA, MHB, EHB, PHB, BHB, NP, TCPy, and TCS
as well as 100 ug/L of GEN and DAI. Aliquots of 1 mL
of the control material were stored frozen at —18°C until
analysis. To every analysis series, one sample of Q ;,,, and
Q pigh Was included.

Validation

Limits of detection (LOD) and quantification (LOQ) were
calculated according to the calibration method as described
in guideline DIN 32 645 [38]. Therefore, a ten equidistant
point calibration curve was prepared in 0.9 % NaCl (w/v)
for each analyte. The calibration curves ranged from 0.5 to
5 pg/L for DAI and GEN, from 0.2 to 2 pg/L for BPA, and
from 0.1 to 1 pug/L for the remaining analytes. Precision and
repeatability were revealed by the determination of intra-
and inter-day relative standard deviation. By analysis of Q,,,
and Qy;,, ten times in one set of samples, precision in series
was calculated. After the analysis of one Q,,,, and one Qy;,,
sample on three different days, repeatability was determined.
For the resulting coefficients of variation, a maximum toler-
ated value of 15 % was assumed. For the absolute and rela-
tive recoveries, four different urine samples with varying
creatinine contents were investigated in different approaches.
Series A was analyzed as blank sample. Series B was spiked
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with 10 pg/L of BP1, BP3, BHB, BPA, EHB, 4NP, MHB,
PHB, TCPy, and TCS as well as 100 pug/L DAI and GEN
before sample preparation and was treated according to the
standard procedure. Series C was spiked accordingly after
the extraction immediately before derivatization to erase
analyte losses during sample preparation.

For the determination of relative recoveries, the analyte
concentrations in the samples spiked before sample prepa-
ration (C g euiaeq) Were calculated using the applied external
calibration. Afterwards, the resulting concentrations were
divided through the known, actual spiked concentration
(Cpikea) and multiplied by 100:

Cealculated (,ug / L)

R %) =
eCre%) Cspiked(/‘g/L)

x100

In contrast, the analyte concentrations of the samples
spiked before sample preparation (series B, cp) and of the
samples spiked after extraction directly before derivatiza-
tion (series C, ¢.) were determined for the calculation of
the absolute recoveries. The analyte concentrations in the
urine blanks (series A, c,) were subtracted from both series.
Afterwards, the ratio was calculated and multiplied by 100:

cp(ug/L) — c,(ug/L)
cc(ug/L) — ca(ug/L)

Rec (%) = x100

Contamination control

In order to identify possible contaminations with ubiqui-
tously free BPA, or parabens from cosmetics applied to
human skin, a blank value was included in every measure-
ment series. Thereby, this contamination control contained
water instead of urine and underwent the whole sample
preparation process. The analyte contents of this sample
should be kept as low as possible and ideally be below the
LOQ. Acquired analyte concentrations in the blanks were
included in the calculation and subtracted from the urine
concentrations.

Application of the method to urine samples
of environmentally exposed humans

After successful method development and validation, the
analysis procedure was applied to human urine samples
which were donated by members of laboratory staff to verify
the suitability of the established method. During sampling,
the subjects went about their normal daily routines in order
to reflect their real-life exposures to the investigated ana-
lytes. All test persons gave their written informed consent
to their participation.
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Results and discussion
Calibration and control material

Usually, human urine is the matrix of choice for the prepa-
ration of calibration and control material to monitor the
renal excretion of analytes in human biomonitoring. How-
ever, since the here investigated analytes of interest are
used in various applications, such as cosmetics (MHB,
EHB, PHB, BHB), nail polishes, sun protection products
or perfumes (BP1, BP3), and biocides (TCS) as well as
food (DAI, GEN), humans are exposed to these chemi-
cals through their daily routines [8—13, 39—-41]. Thus,
background levels of the investigated analytes in collected
pooled human urine samples are often observed which spe-
cifically concerns the phytoestrogens genistein and daid-
zein [23]. Given the ubiquitous nature of isoflavones in our
diets, control subjects conform themselves to a restricted
nutritional protocol or must be relied upon to be extremely
careful in their intake of food items prior to providing bio-
logical fluids for analyses [42]. However, background levels
in pooled human urine used as matrix for reference and
control material leads to analytical challenges in measur-
ing ultra-trace concentrations of the compounds of interest
[37]. For this purpose, the preparation of calibration and
control material using two surrogate matrices including
0.9% sodium chloride solution and artificial urine were
tested as alternatives for pooled human urine [36, 37].

Comparison of the averaged calibration curves showed
similar slopes for all matrices. Using the slope of the
averaged calibration curve in pooled urine as a reference
equal to 100%, acceptable values between 80 and 120%
were obtained for all analytes in both alternative matri-
ces which was in line with generally accepted criteria for
matrix effects [43]. Figure 2 shows the relative slopes of
the calibration curves in the compared matrices for all
investigated substances. Thus, both synthetic urine and
0.9% sodium chloride solution are suitable and analyte-
free surrogate matrices instead of pooled human urine.
Finally, 0.9% NaCl was used as matrix for the preparation
of the calibration and control material because of its effort-
less availability and lower costs.

Sample preparation and derivatization (standard
procedure)

The original sample preparation procedure developed by
Schmidt [44] was adjusted to the newly added param-
eters BP1, BP3, MHB, EHB, PHB, BHB, and TCS.
Again, precautions were taken including heat treatment
of used glassware prior to analysis to eliminate sample
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Fig.2 Relative slopes of the

calibration curves in pooled 140
human urine (orange), synthetic 130
urine (green), and 0.9 % sodium 120

chloride solution (violet) for all
investigated analytes.
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contamination with environmentally occurring free BPA.
Disposable nitrile gloves were worn during laboratory
work to prevent possible contaminations with parabens
from cosmetics applied to human skin. The hydrolysis
step of the analysis procedure was adapted to guarantee an
effective hydrolysis of both glucuronides and sulfates on
the one hand but also to avoid ester cleavage of paraben
structures on the other hand (see the “Optimization of
the enzymatic hydrolysis” subsection). The subsequent
solid phase extraction follows the originally developed
method [44] as the extraction was proven applicable for
the additional compounds. However, the eluates were
concentrated to 100 pL, derivatized with MtBSTFA and
directly measured via GC-MS/MS without further reduc-
tion of the volume to prevent evaporation losses of the
more volatile silylated analytes.

Exploration of the sample preparation
and derivatization conditions

Applicability the derivatization procedure

For the derivatization with MtBSTFA, one specific peak
was observed for every compound resulting from a tert-
butyldimethylsilyl derivate of the considered analyte. For
some analytes, the parent ions were detected, and others
were measured as fragments of the original terz-butyl-
dimethylsilyl derivates after the loss of methyl moieties
(data not shown). As a result, MtBSTFA was considered
as suitable for the derivatization of the recently added
analytes BP1, BP3, MHB, EHB, PHB, BHB, and TCS.
In total, the derivatization procedure was only slightly
modified, as the SPE eluates were concentrated to 100 uL.
volume and directly derivatized without further concen-
tration (see the “Sample preparation and derivatization
(standard procedure)” subsection).

— 100 ’: e 7\ ---4

BPA DAI GEN

& synthetic urine A 0.9% sodium chloride solution

Optimization of the enzymatic hydrolysis

Enzymatic p-glucuronidase/aryl sulfatase preparations from
Helix Pomatia are known to cleave ester moieties of certain
metabolites, such as phthalate and terephthalate metabolites
[45—47]. Therefore, hydrolysis of phthalate and terephthalate
conjugates was performed by using pure p-glucuronidase
from E. coli K12 which was free of any aryl sulfatase/ester-
ase activity. Accordingly, pure p-glucuronidase from E. coli
K12 was chosen to avoid the cleavage of the ester moieties
of ethylhexyl salicylate (EHS) and its metabolites [48]. As
only glucuronide conjugates were observed in human urine
for phthalates and EHS metabolites, the lack of sulfatase
activity had no incidence on the accuracy of the analysis
[45, 48, 49]. In contrast, significant shares of sulfate conju-
gates were observed for the currently investigated analytes in
previous metabolism studies [50, 51]. In general, the shares
of parent parabens (free plus conjugated) excreted in urine
decreased with increasing chain length of the alkyl moi-
ety of the paraben, possibly due to different water solubil-
ity. Considerable sulfate levels were also observed in this
study for the respective analytes (see Table 1). Thereby, the
sulfate shares ranged between 0.3% for TCPy to 29.6% for
NP. Among parabens, sulfate shares ranging from 15.5% for
MHB to 6.9% for BHB were calculated. In contrast, Moos
et al. [S1] observed sulfate proportions of 63.4% and 13.5%
for MHB and BHB, respectively. However, they calculated
the total amount of free, glucuronide, and sulfate analyte
after hydrolysis for 3.5 h at 37 °C by using p-glucuronidase/
arylsulfatase HP2 from Helix pomatia. Thereby, they did not
investigate the influence of possible ester cleavage reactions
of parabens by lipases. If such analyte losses would have to
be considered for these hydrolysis conditions, the sulfate
shares would have been overestimated in the calculation,
since the glucuronide components were determined without
any possible lipase influence, in contrast to the total quantity.
This could explain the discrepancies to the calculated sulfate
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Table 1 Sulfate proportions of

. 8 Analyte Sulfate
the 1nvesf1 gated anal.ytes after proportion
hy.drolytlc cleavage in human (%)
urine.

TCPy 0.3
4NP 29.6
MHB 15.5
EHB 12.0
PHB 13.9
BHB 6.9
BP1 9.6
BP3 13.2
TCS 133
BPA 5.7
DAI 23
GEN 5.1

proportions of the present method, for which only lipase-free
enzymes were used.

In the first approach, deconjugation with 10 pL
B-glucuronidase/arylsulfatase from Helix pomatia pH 5
(A) was compared to three further incubations, namely

Fig. 3 Relative peak areas of 1.80
MHB, EHB, PHB, and BHB as

. 1.60
well as their internal standards
MHB-D4, EHB-D4, PHB- 1.40

@
D4, and BHB-D4 for different o 1.20
hydrolysis procedures: (A) 10 g '
uL B-glucuronidase/arylsul- & 1.00
fatase from Helix pomatia pH g
5, (B) B-glucuronidase Type 2 080
H-1 from Helix pomatia pH % 0.60
5, (C) 10 pL p-glucuronidase =
from E. coli K12, and (D) 10 040
uL B-glucuronidase from E. 0.20
coli K12 together with 10 uL
sulfatase from Aerobacter aero- 0.00 \
genes Type VI pH 5. MHB
1.60
1.40
g 1.20
©
~ 1.00 7
; "
Q 0.80 é%
'g 0.60 %
goe
= 040 /
0.20 %
0.00
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p-glucuronidase Type H-1 from Helix pomatia pH 5 (B),
10 pL B-glucuronidase from E. coli K12 pH 5 (C), and 10
pL B-glucuronidase from E. coli K12 together with 10 uL
sulfatase from Aerobacter aerogenes Type VI pH 5 (D). Fig-
ure S1 shows the resulting response ratios for TCPy, NP,
TCS, BPA, BP1, DAI, GEN, and BP3. Thereby, similar
results were observed for the approaches (A), (B), and (D),
while series (C) showed tendentially lower response ratios
for some analytes, possibly caused by the lack of sulfatase
activity. Nevertheless, the use of p-glucuronidase from E.
coli K12 combined with sulfatase from Aerobacter aero-
genes Type VI delivered comparable results to the applica-
tion of hydrolysis enzymes from Helix pomatia. However,
the situation is different for the group of investigated benzoic
acid esters. As both analytes and internal standards contain
ester moieties, their responses were illustrated separately.
Figure 3 shows the relative peak areas of MHB, EHB, PHB,
and BHB as well as their internal standards MHB-D4, EHB-
D4, PHB-D4, and BHB-D4. As the chain length of the
alkyl radical increases from MHB to BHB, the differences
between the various approaches become clearer: Thereby,
especially PHB and BHB, together with their internal stand-
ards, show distinctly lower analyte responses for the series

FAZ

EHB PHB
A BB C =D

7

RS

\E\\\\\\\Q

DO\

PHB-D4

EHB-D4
BA EB 2C =D
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(A) and (B), where enzymes from Helix pomatia were used.
This indicates cleavage of ester bonds of hydroxybenzoates
by non-specific esterases, as previously observed for phtha-
lates, therephthalates and EHS [45-48]. However, the use of
B-glucuronidase from E. coli K12, especially in combination
with sulfatase from Aerobacter aerogenes Type VI, offers a
good alternative for enzymatic hydrolysis, which was further
investigated in a second experiment.

In the next step, another four different modifications
were tested for the enzymatic hydrolysis. Again, decon-
jugation with 10 uL pB-glucuronidase/arylsulfatase from
Helix pomatia pH 5 (A) was used as a reference. Further-
more, 10 uL p-glucuronidase from E. coli K12 together
with 10 pL sulfatase from Aerobacter aerogenes Type VI
were tested for pH 5 (B) and 6.5 (C). Additionally, 10
pL p-glucuronidase from E. coli K 12 together with 50
pL sulfatase from Aerobacter aerogenes Type VI were
prepared at pH 6.5 (D). Figure S2 shows the resulting
response ratios for TCPy, NP, TCS, BPA, BP1, DAI,
GEN, and BP3. Again, similar responses were observed
for these analytes in all four approaches A to D. Thus,

Fig.4 Relative peak areas of 3.00
MHB, EHB, PHB and BHB as
well as their internal standards 250

MHB-D4, EHB-D4, PHB-

D4, and BHB-D4 for different 8
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uL B-glucuronidase/arylsul- 9
fatase from Helix pomatia pH Q 150
5; 10 pL p-glucuronidase from 2
E. coli K12 together with 10 © 1.00
uL sulfatase from Aerobacter L
aerogenes Type VI tested for
pH 5 (B) and 6.5 (C). (D) 10 uL 0.50
fB-glucuronidase from E. coli K
12 together with 50 pL sulfatase 0.00
from Aerobacter aerogenes
Type VI at pH 6.5
3.00
2.50
®
o
< 2.00
X
[
o
S 150
o
=
B 1.00
0.50
0.00

the adjustment of the pH value to the optimum of 6.5
recommended for f-glucuronidase from E. coli K12 by
the manufacturer (Roche Diagnostics GmbH, Mannheim,
Germany), did not negatively affect the determination of
TCPy, NP, TCS, BPA, BP1, DAI, GEN, and BP3. Fur-
thermore, the increase in enzyme volume from 10 to 50
pL sulfatase from Aerobacter aerogenes Type VI did not
further enhance the analyte responses which indicates that
a quantity of 10 pL is already sufficient for the cleavage
of sulfate conjugates. A similar pattern was observed for
the group of investigated benzoic acid esters (see Fig. 4).
Thereby, the relative analyte responses for MHB, EHB,
PHB, and BHB as well as their internal standards MHB-
D4, EHB-D4, PHB-D4, and BHB-D4 were comparable
for the approaches (B) to (D) and especially for BHB
and BHB-D4 higher than approach (A). Thus, the adjust-
ment to pH 6.5 had no adverse effects on the absolute
peak areas of the hydroxy benzoates. Furthermore, an
increased amount of sulfatase enzyme did not further
enhance the yield of the enzymatic hydrolysis. Thus, the
use of 10 pL B-glucuronidase from E. coli K12 together

PHB BHB

EHB-D4
BA BB 2C =D

BHB-D4
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with 10 pL sulfatase from Aerobacter aerogenes Type
VI at pH 6.5 (C) was defined as the optimized standard
procedure for the analysis of the investigated endocrine
disruptive analytes.

Gas chromatography-tandem mass spectrometry
(GC-MS/MS)

The derivatized analytes showed molecular weights ranging
from 253 g/mol for NP to 612 g/mol for GEN (see Table S1).
Thereby, the degree of derivatization was based on the num-
ber of available hydroxy groups. Thus, BHB, BP3, EHB,
MHB, NP, PHB, and TCPy were silylated once, while BP1,
BPA, and DAI were derivatized twice. The derivatized spe-
cies of GEN contained three silyl groups. Consequently, it
was a challenging task to determine a wide range of m/z
ratios within one chromatographic run. At the same time,
the four parabens had to be analyzed baseline separated,
since these substances showed partly identical mass transi-
tions due to their great structural similarity. As described
by Schmidt [44], a steep temperature gradient was there-
fore elaborated to prevent peak broadening of the isoflavone
signals and reduce analysis time. Finally, the investigated
analytes showed baseline separation within an optimum
runtime of 17.2 min. Figure 5 shows the quantifier mass
transitions of a calibration sample of 50 ug/L BP1, BP3,
BPA, MHB, EHB, PHB, BHB, NP, TCPy, and TCS as well
as 150 pg/L GEN and DAI prepared and derivatized accord-
ing to the standard procedure (see “Sample preparation (final
procedure)” and “Derivatization process (final procedure)”
sections) and measured via GC-AEI-MS/MS (see the “Gas
chromatography-tandem mass spectrometry (GC-MS/
MS)” section). High signal intensities of the investigated
compounds were required to receive low limits of detection
and quantification. Thus, the advanced electron ionization
source enabled an improvement of sensitivity compared to a
conventional electron ionization source [52]. The most com-
mon fragmentation patterns of the trimethylsilyl derivates
were losses of methyl groups during the ionization process
or the induced fragmentations in the collision cell. For NP,
also the loss of a nitro moieties could be observed during the
fragmentation process. Table S1 summarizes GC retention
times and optimized MRM parameters for all analytes and
internal standard substances.

Reliability of the optimized method

Limits of detection were determined according to guide-
line DIN 32 645 and revealed values between 0.02 and
0.09 ug/L for BP1, BP3, BPA, BHB, EHB, MHB, 4NP,
PHB, TCPy, and TCS (see Table 2). The correspond-
ing limits of quantification varied between 0.08 and
0.29 pg/L. In contrast, higher limits of detection were
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calculated for DAI and GEN with values of 0.25 and 0.24
pg/L, respectively. Thus, limits of quantification were
0.83 and 0.79 ug/L for these two parameters. Neverthe-
less, the LOD and LOQ levels for GEN and DAI were
sufficient, as much higher urinary concentrations were
generally reported for both isoflavones [23]. In summary,
excellent sensitivity of the method was proven for all
investigated parameters.

The variation coefficients for precision in series ranged
from 1.8 to 7.9 % for Q,,,, and from 1.3 t0 5.6 % for Qg
respectively. For the interday precision on three differ-
ent days (n = 1), coefficients of variation between 0.4 and
11.4 % for Q,,, and between 0.4 and 9.8 % for Qy;,, were
calculated. Thus, very good intra- and inter-day precision of
the procedure was proven.

Calculation of the relative recoveries revealed values
between 83 and 105 % for all analytes. Thus, the rela-
tive recovery rates were in an acceptable range close to
100 %, proving good accuracy of the method. In contrast,
absolute recoveries ranged from 73 to 100 %. Thereby, the
lowest values were calculated for TCS and BP1. Still, the
losses during sample preparation were acceptable as the
relative recovery rates were close to 100 % for all analytes
by use of structural-identical isotope-labeled internal
standards. Additionally, good sensitivity of the analyti-
cal procedure was already proven through low LOD and
LOQ values. The validation data of the optimized method
is summarized in Table 2.

Application of the method to urine samples
of environmentally exposed humans

The analysis of urine samples of environmentally exposed
humans revealed different amounts of the considered sub-
stances, which is exemplary illustrated in Fig. 6. This chro-
matogram shows the quantifier mass transitions of the GC-
AEI-MS/MS analysis for the detected analytes and their
respective internal standards in a representative sample.
In this urine specimen 2.6 pug/L TCPy, 1.2 ug/L NP, 7.7
pg/L BP3, 4.3 ng/L BP1, 1.3 pg/L BPA, and 1.2 pg/L TCS
were detected. For the parabens, 20.4 pg/L MHB, 1.9 pg/L
EHB, 1.3 pg/L PHB, and 0.6 ug/L BHB were calculated.
Additionally, the isoflavones DAI and GEN were present in
higher concentrations of 85.8 and 130.3 ug/L, respectively.
For comparison, available biological assessment values of
the investigated analytes were listed in Table 3. Therefore,
the suitability of the developed method could not only be
proven for pooled urine (see Table 2) but also for spot urine
samples. The method can further be applied to monitor both
occupational and environmentally exposed humans as the
analytical procedure enables the detection and quantifica-
tion with a broad calibration range up to 50 pg/L for BP1,
BP3, BPA, BHB, EHB, MHB, 4NP, PHB, TCPy, and TCS
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Fig.5 GC-AEI-MS/MS chromatogram of a calibration sample (50 pug/L BP1, BP3, BPA, MHB, EHB, PHB, BHB, NP, TCPy, and TCS as well
as 150 pg/L GEN and DAI) shown as quantifier mass transitions of all investigated analytes and applied internal standards.

as well as 150 pg/L for DAI and GEN for higher exposed
specimen. Additionally, low limits of detection and quan-
tification enable the ultra-trace analysis of the investigated
possible endocrine disruptive compounds.

Comparison to other published methods

Table S2 compares the parameter spectrum and the sen-
sitivity of the present method with other published pro-
cedures. Thereby, lower or at least comparable limits of
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Table 2 Validation data of the present method (estimated in 0.9% sodium chloride solution).

Analyte LOD [pg/] LOQ [pg/] Precision Repeatability Relative recovery Absolute
(n =10) (n=10) (n=4) [%] recovery (n=4)
[%]
Quow [%]  Qugn [%] Qo [%]  Qpgn [%]
TCPy 0.04 0.14 2.7 2.8 3.6 4.9 104.8 £ 0.6 932 +5.1
4NP 0.03 0.08 1.8 1.7 54 0.4 90.1 £7.9 91.5+6.8
MHB 0.02 0.08 22 1.5 1.1 4.7 91.6 +£5.5 81.7+£9.1
EHB 0.03 0.11 3.1 1.3 04 2.7 92.5+5.8 999+ 11.8
PHB 0.06 0.19 2.8 1.6 33 3.0 83375 943 +10.2
BHB 0.03 0.12 3.7 29 6.0 5.1 90.0 +12.4 952+54
BP1 0.04 0.14 4.5 29 1.7 9.8 873 +4.1 73.5+6.2
BP3 0.04 0.13 53 2.1 1.8 4.2 101.2 +11.0 83.6+2.9
TCS 0.09 0.29 39 3.8 6.0 7.0 102.3 + 10.6 73.5+15.2
BPA 0.07 0.24 5.0 1.7 3.4 0.9 873 +48 89.8+6.5
DAI 0.25 0.83 39 5.6 114 54 86.8 +£8.5 88.0+12.7
GEN 0.24 0.79 79 4.2 10.6 5.1 93.7 £ 14.0 91.6 £9.2
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Fig.6 GC-AEI-MS/MS chromatogram of a representative spot urine sample. Sample preparation and analysis according to the final SOP.
Detected metabolites shown as quantifier mass transitions.

detection and quantification were observed for the present
method regarding the investigated analytes.

The present method enables the simultaneous determi-
nation of 12 possible endocrine agents, namely BPA, BP1,
BP3, MHB, EHB, PHB, BHB, NP, TCPy, TCS, GEN, and
DAI. Schmidt et al [44] previous published a multicompo-
nent method for the simultaneous analysis of BPA, TCPy,
GEN, and DAI. Thereby, B-glucuronidase/arylsulfatase
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from Helix pomatia was applied for enzymatic hydrolysis
at 37°C over night. Afterwards, the analytes were extracted
by solid phase extraction, derivatized by silylation with
MtBSTFA and measured via GC-MS/MS. However, the
use of a crude solution of B-glucuronidase/arylsulfatase
from Helix pomatia may lead to sample contamination with
GEN and DAL, since the gastric juice of these snails can
contain isoflavones [35]. By use of B-glucuronidase from
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Table 3 Available biological assessment values of the investigated
analytes

Substance Biological assessment value Value in urine
TCS [53] HBM1 2 mg/L (children)
3 mg/L (adults)
MHB [53] RV95 400 pg/L (women)
240 pg/L (men)
EHB [53] RV95 50 pg/L (women)
25 pg/L (men)
PHB [53] RV95 100 pg/L (women)
50 pg/L (men)
BHB [53] RV95 20 pg/L (women)
10 pg/L (men)
BPA [54] Health-based guidance value 100 pg/L (children)
200 ug/L (adults)
BP1 [55] LOAEL 6 mg/mg bw/ day
TCPy [56] ADI 0.06 mg/kg bw/day

E. coli K12, especially in combination with sulfatase from
Aerobacter aerogenes Type VI in the present method, no
contaminants of isoflavones were introduced into the inves-
tigated samples. Moors et al. [57] investigated BPA, GEN,
and DAI in urine after SPE using GC-MS analysis. Thereby,
B-glucuronidase and sulfatase from E. coli were added for
enzymatic hydrolysis at 37 °C over night. Consequently,
they only used lipase-free and contaminant-free enzymes.
Nevertheless, the presented method encompasses a much
broader analytical spectrum than BPA, GEN, and DAI.
Moos et al. [51, 58] used p-glucuronidase/arylsulfatase Type
HP2 from Helix pomatia and an incubation duration of 3.5
h at 37 °C for hydrolysis prior to the analysis of MHB and
BHB. Likewise, Dewalque et al. [59] performed hydroly-
sis of paraben conjugates (MHB, EHB, PHB, and BHB) by
use of p-glucuronidase/arylsulfatase Type HP2 from Helix
pomatia but with an overnight incubation at 37 °C. Thus,
lipase activity was not excluded in both cases completely.
However, shortening the hydrolysis time to 3.5 h may result
in the cleavage of glucuronides and sulfates occurring pref-
erentially first, while ester cleavage might be less appar-
ently within this smaller period. Nevertheless, the analytical
losses of the parabens during enzymatic hydrolysis were not
investigated in both studies. Ye et al. [60] determined MHB,
EHB, PHB, and BHB in urine after hydrolysis at 30 °C for 4
h with pB-glucuronidase/sulfatase H1 from Helix pomatia. In
the present study, the hydrolysis step was investigated using
this enzyme for an overnight incubation (see the “Optimiza-
tion of the enzymatic hydrolysis™ subsection). Thereby, ester
cleavage of parabens was observed for BHB in particular.
However, the shorter hydrolysis time of 4 h may also result
in the preferred deconjugation of glucuronides and sulfates
as discussed for Dewalque et al. [59]. Nevertheless, the sta-
bility of the parabens in the hydrolysis step of Ye et al. [60]
was not investigated more closely. Tkalec et al. [61] applied

B-glucuronidase/arylsulfatase Type H2 from Helix poma-
tia and subsequently incubated the samples at 37 °C for 18
h for the analysis of BPA, MHB, EHB, PHB, BHB, and
TCS. Thereby, the conditions of the enzymatic hydrolysis
were verified regarding their applicability for parabens. The
resulting deconjugation stability confirmed the absence of
nonspecific enzymatic events in the hydrolysis step. Thus,
it appears to be possible to use certain enzymes of Helix
pomatia for the hydrolysis of paraben conjugates, but this
requires an extremely deliberate and accurate execution of
the method to ensure its robustness. In contrast, the advan-
tage of the present method is that the enzymes used are abso-
lutely lipase-free and the method therefore offers reliable
reproducibility by preventing for analyte losses and therefore
underestimating of the investigated compounds

Vela-Soria et al. developed two analysis procedures for
the determination of MHB, EHB, PHB, BHB, BP1, BP3,
and BPA via GC-MS/MS [62] and LC-MS/MS [63]. For
both procedures, comparable low limits of detection were
determined. Here, the GC-MS/MS method revealed tenden-
tially higher sensitivity in comparison to the LC-MS/MS
procedure. Moreover, gas chromatography provides gener-
ally higher chromatographic resolution and sharper peaks
than liquid chromatography.

Some of the investigated analytes are known to ubiqui-
tously occur in significant concentrations in human spot
urine samples or pooled human urine. Thus, synthetic urine
was already an established surrogate matrix for the analy-
sis of BPA, TCS, and parabens as well as GEN and DAI
[36, 59-64]. By using this analyte-free surrogate matrix, the
quality of calibration and control material were positively
affected, and especially the limits of detection and quantifi-
cation were improved. However, a proof of the applicability
of this approach is almost missing in the publications [36,
51, 58-64]. For the present method, both synthetic urine as
well as 0.9 % sodium chloride solution were investigated
as surrogate matrices. As similar slopes for the calibration
curves were observed for the investigated analytes in all
matrices, 0.9 % NaCl was used for calibration and control
material as well as the determination of limits of detection
and quantification (see the “Calibration and control mate-
rial” subsection).

Conclusion

The present method enables the simultaneous determina-
tion of 12 prominent endocrine agents, namely BPA, BP1,
BP3, MHB, EHB, PHB, BHB, NP, TCPy, TCS, GEN, and
DAL Optimization of the enzymatic hydrolysis and the use
of B-glucuronidase from E. coli K12 as well as sulfatase
from Aerobacter aerogenes enables the analysis of the total
amounts of free compounds and their conjugates but also
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ensures the acquisition of intact analytes without cleavage
of ester bonds among parabens. By using 0.9 % sodium chlo-
ride solution as matrix for calibration and control material,
background levels of the analytes in the calibration and con-
trol material were avoided. The subsequent validation dem-
onstrated a high reproducibility, accuracy, and sensitivity of
the present method, which may be particularly derived from
the use of structural-identical isotope-labeled internal stand-
ards for each parameter. Compared with previous published
analytical procedures for the determination of the phenolic
substances, the present method enables the simultaneous
determination of a broad spectrum of biomarkers. Thereby,
competitive or improved analytical sensitivity was ensured
by use of GC-MS/MS with advanced electron ionization.
Altogether, the procedure can be applied for exploring the
exposome to these prominent endocrine disruptors in the
general population.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-022-04438-0.

Funding Open Access funding enabled and organized by Projekt
DEAL. The development of the method was performed without exter-
nal financial funding.

Declarations

Ethics approval and consent to participate The study has been
approved by the ethics committee of the Friedrich-Alexander-Univer-
sitdt Erlangen-Niirnberg (approval no. 50_18 B) and has been per-
formed in accordance with ethical standards. All test persons gave their
written informed consent to their participation.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Diamanti-Kandarakis E, Bourguignon J-P, Giudice LC, Hauser R,
Prins GS, Soto AM, Zoeller RT, Gore AC. Endocrine-disrupting
chemicals: an endocrine society scientific statement. Endocr Rev.
2009;30(4):293-342.

2. Giulivo M, de Alda ML, Capri E, Barcel6 D. Human exposure to
endocrine disrupting compounds: their role in reproductive sys-
tems, metabolic syndrome and breast cancer. A Review Environ
Res. 2016;151:251-64.

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

Yoon K, Kwack SJ, Kim HS, Lee B-M. Estrogenic endocrine-
disrupting chemicals: molecular mechanisms of actions on
putative human diseases. J Toxicol Environ Health, Part B.
2014;17(3):127-74.

Hu J-Y, Aizawa T. Quantitative structure—activity relationships
for estrogen receptor binding affinity of phenolic chemicals.
Water Res. 2003;37(6):1213-22. https://doi.org/10.1016/S0043-
1354(02)00378-0.

National Toxicology Programme CftEoRtHR, U.S. Department
of Health and Human Services Food and Drug Administration,
(2008) Monograph on the potential human reproductive and
developmental effect of bisphenol A. vol NIH Publication No.
08-5994.

European Food Safety Authority (EFSA Panel). Opinion of the
scientific panel on food additives, flavourings, processing aids
and materials in contact with food (AFC) related to 2,2-bis(4-
hydroxyphenyl)propane (bisphenol A). EFSA J. 2007;428:1-75.
https://doi.org/10.2903/j.efsa.2007.428.

Rubin BS. Bisphenol A: An endocrine disruptor with widespread
exposure and multiple effects. J Steroid Biochem Mole Biol.
2011;127(1):27-34. https://doi.org/10.1016/j.jsbmb.2011.05.002.
Wang C-F, Tian Y. Reproductive endocrine-disrupting effects of
triclosan: Population exposure, present evidence and potential
mechanisms. Environ Pollut. 2015;206:195-201. https://doi.org/
10.1016/j.envpol.2015.07.001.

Dann AB, Hontela A. Triclosan: environmental exposure, toxicity
and mechanisms of action. J Appl Toxicol. 2011;31(4):285-311.
Karpuzoglu E, Holladay SD, Gogal RM. Parabens: potential
impact of low-affinity estrogen receptor binding chemicals on
human health. J Toxicol Environ Health, Part B. 2013;16(5):321-
35. https://doi.org/10.1080/10937404.2013.809252.

Wei F, Mortimer M, Cheng H, Sang N, Guo L-H. Parabens as
chemicals of emerging concern in the environment and humans:
A review. Sci Total Environ. 2021;778:146150.

Calafat AM, Wong L-Y, Ye X, Reidy JA, Needham LL. Concen-
trations of the sunscreen agent benzophenone-3 in residents of the
United States: National Health and Nutrition Examination Survey
2003-2004. Environ Health Perspect. 2008;116(7):893-7.
Krause M, Klit A, Blomberg Jensen M, Sgeborg T, Frederiksen
H, Schlumpf M, Lichtensteiger W, Skakkebaek N, Drzewiecki
K. Sunscreens: are they beneficial for health? An overview of
endocrine disrupting properties of UV-filters. Int J Androl.
2012;35(3):424-36.

Castorina R, Bradman A, Fenster L, Barr DB, Bravo R, Vedar
MG, Harnly ME, McKone TE, Eisen EA, Eskenazi B. Compari-
son of current-use pesticide and other toxicant urinary metabolite
levels among pregnant women in the CHAMACOS cohort and
NHANES. Environ Health Perspect. 2010;118(6):856-63.
Denghel H, Goen T. Simultaneous assessment of phenolic
metabolites in human urine for a specific biomonitoring of expo-
sure to organophosphate and carbamate pesticides. Toxicol Lett.
2018;298:33-41. https://doi.org/10.1016/j.toxlet.2018.07.048.
Juberg DR, Gehen SC, Coady KK, LeBaron MJ, Kramer VJ,
Lu H, Marty MS. Chlorpyrifos: weight of evidence evaluation
of potential interaction with the estrogen, androgen, or thyroid
pathways. Regulatory Toxicol Pharmacol. 2013;66(3):249-63.
Griffin P, Mason H, Heywood K, Cocker J. Oral and dermal
absorption of chlorpyrifos: a human volunteer study. Occup Envi-
ron Med. 1999;56(1):10-3.

Takayasu T, Yamamoto H, Ishida Y, Nosaka M, Kawaguchi M,
Kuninaka Y, Kimura A, Kondo T. Postmortem distribution of
chlorpyrifos-methyl, fenitrothion, and their metabolites in body
fluids and organ tissues of an intoxication case. Legal Med.
2017;29:44-50.


https://doi.org/10.1007/s00216-022-04438-0
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0043-1354(02)00378-0
https://doi.org/10.1016/S0043-1354(02)00378-0
https://doi.org/10.2903/j.efsa.2007.428
https://doi.org/10.1016/j.jsbmb.2011.05.002
https://doi.org/10.1016/j.envpol.2015.07.001
https://doi.org/10.1016/j.envpol.2015.07.001
https://doi.org/10.1080/10937404.2013.809252
https://doi.org/10.1016/j.toxlet.2018.07.048

Comprehensive monitoring of a special mixture of prominent endocrine disrupting chemicals...

569

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Carmichael N, Nolan R, Perkins J, Davies R, Warrington S. Oral
and dermal pharmacokinetics of triclopyr in human volunteers.
Human Toxicol. 1989;8(6):431-7.

Denga N, Moldeus P, Kasilo O, Nhachi C. Use of urinary p-nitro-
phenol as an index of exposure to parathion. Bull Environ Contam
Toxicol. 1995;55(2):296-302.

Degen G, Bolt H. Endocrine disruptors: update on xenoestrogens.
Int Arch Occup Environ Health. 2000;73(7):433—41.

Nilsson R. Endocrine modulators in the food chain and environ-
ment. Toxicol Pathol. 2000;28(3):420-31.

Berman T, Goldsmith R, Géen T, Spungen J, Novack L, Levine
H, Amitai Y, Shohat T, Grotto I. Urinary concentrations of envi-
ronmental contaminants and phytoestrogens in adults in Israel.
Environ Int. 2013;59:478-84. https://doi.org/10.1016/j.envint.
2013.07.012.

Clarke DB, Lloyd AS, Botting NP, Oldfield MF, Needs PW, Wise-
man H. Measurement of intact sulfate and glucuronide phytoes-
trogen conjugates in human urine using isotope dilution liquid
chromatography-tandem mass spectrometry with [13C3] isofla-
vone internal standards. Anal Biochem. 2002;309(1):158-72.
Chavarro JE, Toth TL, Sadio SM, Hauser R. Soy food and isofla-
vone intake in relation to semen quality parameters among men
from an infertility clinic. Human Reprod. 2008;23(11):2584-90.
Mitchell JH, Cawood E, Kinniburgh D, Provan A, Collins AR,
Irvine DS. Effect of a phytoestrogen food supplement on repro-
ductive health in normal males. Clin Sci. 2001;100(6):613-8.
Messina M (2011) Evidence does not support the conclusion that
soy is an endocrine disruptor.

Bar-El Dadon S, Reifen R (2010) Soy as an endocrine disruptor:
cause for caution?.

Kortenkamp A. Ten years of mixing cocktails: a review of combi-
nation effects of endocrine-disrupting chemicals. Environ Health
Perspect. 2007;115(Suppl 1):98-105. https://doi.org/10.1289/ehp.
9357.

Kortenkamp A. Low dose mixture effects of endocrine disrupters:
implications for risk assessment and epidemiology. Int J Androl.
2008;31(2):233-40.

Ye X, Kuklenyik Z, Needham LL, Calafat AM. Automated on-line
column-switching HPLC-MS/MS method with peak focusing for
the determination of nine environmental phenols in urine. Anal
Chem. 2005;77(16):5407-13. https://doi.org/10.1021/ac050390d.
Hong S, Jeon HL,, Lee J, Kim S, Lee C, Lee S, Cho YH, Choi K,
Yoo J. Urinary parabens and their potential sources of exposure
among Korean children and adolescents: Korean National Envi-
ronmental Health Survey 2015-2017. Int J Hyg Environ Health.
2021;236:113781.

Volkel W, Kiranoglu M, Fromme H. Determination of free and
total bisphenol A in human urine to assess daily uptake as a basis
for a valid risk assessment. Toxicol Lett. 2008;179(3):155-62.
Ye X, Bishop AM, Reidy JA, Needham LL, Calafat AM. Tempo-
ral stability of the conjugated species of bisphenol A, parabens,
and other environmental phenols in human urine. J Exposure Sci
Environ Epidemiol. 2007;17(6):567-72.

Taylor JI, Grace PB, Bingham SA. Optimization of conditions
for the enzymatic hydrolysis of phytoestrogen conjugates in urine
and plasma. Anal Biochem. 2005;341(2):220-9. https://doi.org/
10.1016/j.ab.2005.03.053.

Lee S-Y, Son E, Kang J-Y, Lee H-S, Shin M-K, Nam H-S,
Kim S-Y, Jang Y-M, Rhee G-S. Development of a quantita-
tive analytical method for determining the concentration of
human urinary paraben by LC-MS/MS. Bull Korean Chem Soc.
2013;34(4):1131-6. https://doi.org/10.5012/BKCS.2013.34.4.
1131.

Anderson DJ, Brozek EM, Cox KIJ, Porucznik CA, Wilkins
DG. Biomonitoring method for bisphenol A in human urine by
ultra-high-performance liquid chromatography—tandem mass

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

spectrometry. J Chromatogr B. 2014;953-954:53-61. https://doi.
org/10.1016/j.jchromb.2014.01.039.

DIN 32 645. Chemical analysis—Decision limit, detection limit
and determination limit under repeatability conditions—terms,
methods, evaluation. Berlin: Beuth Verlag GmbH; 2008.
Liggins J, Bluck LJ, Runswick S, Atkinson C, Coward WA, Bing-
ham SA. Daidzein and genistein contents of vegetables. Br J Nutr.
2000;84(5):717-25.

Liggins J, Bluck LJC, Runswick S, Atkinson C, Coward WA,
Bingham SA. Daidzein and genistein content of fruits and nuts.
The J Nutri Biochem. 2000;11(6):326-31. https://doi.org/10.1016/
S0955-2863(00)00085-1.

Liggins J, Mulligan A, Runswick S, Bingham SA. Daidzein and
genistein content of cereals. Eur J Clin Nutri. 2002;56(10):961-6.
https://doi.org/10.1038/sj.ejcn.1601419.

Thomas BF, Zeisel SH, Busby MG, Hill JM, Mitchell RA, Schef-
fler NM, Brown SS, Bloeden LT, Dix KJ, Jeffcoat AR. Quantita-
tive analysis of the principle soy isoflavones genistein, daidzein
and glycitein, and their primary conjugated metabolites in human
plasma and urine using reversed-phase high-performance liquid
chromatography with ultraviolet detection. ] Chromatography B:
Biomed Sci Appl. 2001;760(2):191-205. https://doi.org/10.1016/
S0378-4347(01)00269-9.

Wijma RA, Bahmany S, Wilms EB, van Gelder T, Mouton JW,
Koch BCP. A fast and sensitive LC-MS/MS method for the quan-
tification of fosfomycin in human urine and plasma using one
sample preparation method and HILIC chromatography. J Chro-
matogr B. 2017;1061-1062:263-9. https://doi.org/10.1016/j.jchro
mb.2017.07.036.

Schmidt L, Miiller J, Géen T. Simultaneous monitoring of seven
phenolic metabolites of endocrine disrupting compounds (EDC)
in human urine using gas chromatography with tandem mass spec-
trometry. Anal Bioanal Chem. 2013;405(6):2019-29. https://doi.
org/10.1007/s00216-012-6618-y.

Blount BC, Milgram KE, Silva MJ, Malek NA, Reidy JA, Need-
ham LL, Brock JW. Quantitative detection of eight phthalate
metabolites in human urine using HPLC—APCI-MS/MS. Anal
Chem. 2000;72(17):4127-34. https://doi.org/10.1021/ac000422r.
Lessmann F, Schiitze A, Weiss T, Briining T, Koch HM. Determi-
nation of metabolites of di(2-ethylhexyl) terephthalate (DEHTP)
in human urine by HPLC-MS/MS with on-line clean-up. J Chro-
matogr B. 2016;1011:196-203. https://doi.org/10.1016/j.jchromb.
2015.12.042.

Koch HM, Lessmann F, Swan SH, Hauser R, Kolossa-Gehring M,
Frederiksen H, Andersson A-M, Thomsen C, Sakhi AK, Bornehag
C-G, Mueller JF, Rudel RA, Braun JM, Harth V, Briining T. Ana-
lyzing terephthalate metabolites in human urine as biomarkers of
exposure: importance of selection of metabolites and deconjuga-
tion enzyme. J Chromatogr B. 2018;1100-1101:91-2. https://doi.
org/10.1016/j.jchromb.2018.09.035.

Bury D, Briining T, Koch HM. Determination of metabolites of
the UV filter 2-ethylhexyl salicylate in human urine by online-
SPE-LC-MS/MS. J Chromatogr B. 2019;1110-1111:59-66.
https://doi.org/10.1016/j.jchromb.2019.02.014.

Albero B, Sanchez-Brunete C, Miguel E, Tadeo JL. Application
of matrix solid-phase dispersion followed by GC-MS/MS to the
analysis of emerging contaminants in vegetables. Food Chem.
2017;217:660-7. https://doi.org/10.1016/j.foodchem.2016.09.017.
Thayer KA, Doerge DR, Hunt D, Schurman SH, Twaddle NC,
Churchwell MI, Garantziotis S, Kissling GE, Easterling MR,
Bucher JR, Birnbaum LS. Pharmacokinetics of bisphenol A
in humans following a single oral administration. Environ Int.
2015;83:107-15. https://doi.org/10.1016/j.envint.2015.06.008.
Moos RK, Angerer J, Dierkes G, Briining T, Koch HM.
Metabolism and elimination of methyl, iso- and n-butyl
paraben in human urine after single oral dosage. Arch

@ Springer


https://doi.org/10.1016/j.envint.2013.07.012
https://doi.org/10.1016/j.envint.2013.07.012
https://doi.org/10.1289/ehp.9357
https://doi.org/10.1289/ehp.9357
https://doi.org/10.1021/ac050390d
https://doi.org/10.1016/j.ab.2005.03.053
https://doi.org/10.1016/j.ab.2005.03.053
https://doi.org/10.5012/BKCS.2013.34.4.1131
https://doi.org/10.5012/BKCS.2013.34.4.1131
https://doi.org/10.1016/j.jchromb.2014.01.039
https://doi.org/10.1016/j.jchromb.2014.01.039
https://doi.org/10.1016/S0955-2863(00)00085-1
https://doi.org/10.1016/S0955-2863(00)00085-1
https://doi.org/10.1038/sj.ejcn.1601419
https://doi.org/10.1016/S0378-4347(01)00269-9
https://doi.org/10.1016/S0378-4347(01)00269-9
https://doi.org/10.1016/j.jchromb.2017.07.036
https://doi.org/10.1016/j.jchromb.2017.07.036
https://doi.org/10.1007/s00216-012-6618-y
https://doi.org/10.1007/s00216-012-6618-y
https://doi.org/10.1021/ac000422r
https://doi.org/10.1016/j.jchromb.2015.12.042
https://doi.org/10.1016/j.jchromb.2015.12.042
https://doi.org/10.1016/j.jchromb.2018.09.035
https://doi.org/10.1016/j.jchromb.2018.09.035
https://doi.org/10.1016/j.jchromb.2019.02.014
https://doi.org/10.1016/j.foodchem.2016.09.017
https://doi.org/10.1016/j.envint.2015.06.008

570

Denghel H., T. Géen

52.

53.

54.

55.

56.

57.

58.

59.

Toxicol. 2016;90(11):2699-709. https://doi.org/10.1007/
$00204-015-1636-0.

Thermo Fisher Scientific (2018) Product specifications: TSQ 9000
triple quadrupole GC-MS/MS system. www.assets.thermofisher.
com/TFS-Assets/CMD/Specification-Sheets/ps-10596-tsq-9000-
gc-ms-ps10596-en.pdf. Accessed 23.10.2019.

Apel P, Angerer J, Wilhelm M, Kolossa-Gehring M (2017) New
HBM values for emerging substances, inventory of reference
and HBM values in force, and working principles of the German
Human Biomonitoring Commission. Int J] Hyg Environ Health
220 (2):152-166. https://doi.org/10.1016/j.ijheh.2016.09.007.
Buekers J, David M, Koppen G, Bessems J, Scheringer M, Lebret
E, Sarigiannis D, Kolossa-Gehring M, Berglund M, Schoeters G,
Trier X. Development of policy relevant human biomonitoring
indicators for chemical exposure in the European Population. Int
J Env Res Public Health. 2018;15(10):2085.

European Food Safety Authority. Toxicological evaluation of ben-
zophenone 1. EFSA J. 2009;1104:2-30.

European Food Safety Authority. Statement on the available out-
comes of the human health assessment in the context of the pes-
ticides peer review of the active substance chlorpyrifos. EFSA
Journal. 2019;17(8):e05809. https://doi.org/10.2903/j.efsa.2019.
5809.

Moors S, Blaszkewicz M, Bolt HM, Degen GH. Simultaneous
determination of daidzein, equol, genistein and bisphenol A in
human urine by a fast and simple method using SPE and GC-MS.
Mol Nutr Food Res. 2007;51(7):787-98. https://doi.org/10.1002/
mnfr.200600289.

Moos RK, Angerer J, Wittsiepe J, Wilhelm M, Briining T, Koch
HM. Rapid determination of nine parabens and seven other envi-
ronmental phenols in urine samples of German children and
adults. Int J] Hyg Environ Health. 2014;217(8):845-53.
Dewalque L, Pirard C, Dubois N, Charlier C. Simultaneous deter-
mination of some phthalate metabolites, parabens and benzophe-
none-3 in urine by ultra high pressure liquid chromatography tan-
dem mass spectrometry. J] Chromatogr B. 2014;949-950:37-47.
https://doi.org/10.1016/j.jchromb.2014.01.002.

@ Springer

60.

61.

62.

63.

64.

Ye X, Kuklenyik Z, Bishop AM, Needham LL, Calafat AM. Quan-
tification of the urinary concentrations of parabens in humans by
on-line solid phase extraction-high performance liquid chromatog-
raphy—isotope dilution tandem mass spectrometry. J] Chromatogr
B. 2006;844(1):53-9. https://doi.org/10.1016/j.jchromb.2006.06.
037.

Tkalec Z, Kosjek T, Snoj Tratnik J, Stajnko A, Runkel AA, Syki-
otou M, Mazej D, Horvat M. Exposure of Slovenian children and
adolescents to bisphenols, parabens and triclosan: urinary levels,
exposure patterns, determinants of exposure and susceptibility.
Environ Int. 2021;146:106172. https://doi.org/10.1016/j.envint.
2020.106172.

Vela-Soria F, Ballesteros O, Zafra-Gomez A, Ballesteros L, Nav-
aloén A. A multiclass method for the analysis of endocrine disrupt-
ing chemicals in human urine samples. Sample treatment by dis-
persive liquid-liquid microextraction. Talanta. 2014;129:209-18.
https://doi.org/10.1016/j.talanta.2014.05.016.

Vela-Soria F, Ballesteros O, Zafra-Gomez A, Ballesteros L,
Navalén A. UHPLC-MS/MS method for the determination of
bisphenol A and its chlorinated derivatives, bisphenol S, para-
bens, and benzophenones in human urine samples. Anal Bio-
anal Chem. 2014;406(15):3773-85. https://doi.org/10.1007/
$00216-014-7785-9.

Frederiksen H, Aksglaede L, Sorensen K, Nielsen O, Main KM,
Skakkebaek NE, Juul A, Andersson A-M. Bisphenol A and other
phenols in urine from Danish children and adolescents analyzed
by isotope diluted TurboFlow-LC-MS/MS. Int J Hyg Environ
Health. 2013;216(6):710-20. https://doi.org/10.1016/j.ijheh.2013.
01.007.

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1007/s00204-015-1636-0
https://doi.org/10.1007/s00204-015-1636-0
http://www.assets.thermofisher.com/TFS-Assets/CMD/Specification-Sheets/ps-10596-tsq-9000-gc-ms-ps10596-en.pdf
http://www.assets.thermofisher.com/TFS-Assets/CMD/Specification-Sheets/ps-10596-tsq-9000-gc-ms-ps10596-en.pdf
http://www.assets.thermofisher.com/TFS-Assets/CMD/Specification-Sheets/ps-10596-tsq-9000-gc-ms-ps10596-en.pdf
https://doi.org/10.1016/j.ijheh.2016.09.007
https://doi.org/10.2903/j.efsa.2019.5809
https://doi.org/10.2903/j.efsa.2019.5809
https://doi.org/10.1002/mnfr.200600289
https://doi.org/10.1002/mnfr.200600289
https://doi.org/10.1016/j.jchromb.2014.01.002
https://doi.org/10.1016/j.jchromb.2006.06.037
https://doi.org/10.1016/j.jchromb.2006.06.037
https://doi.org/10.1016/j.envint.2020.106172
https://doi.org/10.1016/j.envint.2020.106172
https://doi.org/10.1016/j.talanta.2014.05.016
https://doi.org/10.1007/s00216-014-7785-9
https://doi.org/10.1007/s00216-014-7785-9
https://doi.org/10.1016/j.ijheh.2013.01.007
https://doi.org/10.1016/j.ijheh.2013.01.007

	Comprehensive monitoring of a special mixture of prominent endocrine disrupting chemicals in human urine using a carefully adjusted hydrolysis of conjugates
	Abstract
	Introduction
	Experimental
	Chemicals and materials
	Preparation of standards and hydrolysis buffer
	Calibration procedure
	Sample preparation (final procedure)
	Derivatization process (final procedure)
	Exploration of the sample preparation conditions
	Applicability of the derivatization procedure
	Suitability of matrices for calibration and control material
	Optimization of the enzymatic hydrolysis

	Gas chromatography-tandem mass spectrometry (GC-MSMS)
	Quality control
	Validation
	Contamination control
	Application of the method to urine samples of environmentally exposed humans

	Results and discussion
	Calibration and control material
	Sample preparation and derivatization (standard procedure)
	Exploration of the sample preparation and derivatization conditions
	Applicability the derivatization procedure
	Optimization of the enzymatic hydrolysis

	Gas chromatography-tandem mass spectrometry (GC-MSMS)
	Reliability of the optimized method
	Application of the method to urine samples of environmentally exposed humans
	Comparison to other published methods

	Conclusion
	References


