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ARTICLE INFO ABSTRACT

Edited by Richard Handy Based on toxicological evidence, human exposure to phthalates (PHs) and diisononylcyclohexane-1,2-
dicarboxylate (DINCH) may contribute to adverse health effects, especially during vulnerable developmental

Keywords: stages. To support the exposure assessment for this group of endocrine disruptors, we developed and validated a

Phthalate metabolites method for the analysis of 14 PH and 3 DINCH metabolites in human urine and maternal milk, applied the

DINCH method in a pilot study, and identified crucial obstacles in the path of establishing maternal milk as a routine

Urine - . . . . . . .

Maternal milk matrix in human biomonitoring. Urine and milk samples were extracted with solid-phase extraction (SPE) and

LC-MS/MS QuEChERS salts, respectively, and analysed by liquid chromatography coupled to tandem mass spectrometry

(LC-MS/MS). The method accuracy was confirmed for urine samples via a certified standard reference material
and the G-EQUAS intercomparison programme. We identified a need for sampling protocols, reference materials,
and external method verification schemes in order to establish maternal milk as a routine matrix. Finally, the
method was tested for its applicability in a pilot biomonitoring study on 30 paired urine and milk samples from
lactating mothers, with medians ranging from <LLOQ - 15 pg/L in urine and <LLOQ - 16 ug/L in maternal milk
and generally higher detection rates in urine. Furthermore, the results indicate extensive monoester formation
under cooled storage conditions, resulting in potentially high infantile exposure to phthalate monoesters for
which, to date, no guidance values exist despite their demonstrated toxicity.

Human biomonitoring

1. Introduction as polyvinyl chloride (PVC) plastics, toys, food packaging, cosmetics,

and pharmaceuticals (Gao and Kannan, 2020; Gkrillas et al., 2021). Due

Di-esters of phthalic acid, otherwise known as phthalates (PHs), are a to their widespread applications and tendency to leach into the envi-

group of industrial chemicals with a common chemical structure. They ronment, PHs can be detected in nearly all environmental and food
find numerous applications in plastic and personal care products, such matrices (Sioen et al., 2012).
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Thus, di-2-ethylhexyl phthalate (DEHP) was detected in food from
the Belgian market at maximum concentrations of 11-2154 ug/kg fresh
weight (Fierens et al., 2012), and close to 400 ng/g of diethyl phthalate
(DEP), di-n-butyl phthalate (DnBP), and di-iso-butyl phthalate (DiBP)
were detected in hygiene products (Gao and Kannan, 2020).
Butyl-benzyl phthalate (BBzP) was measured in face masks (486 ng/g) in
the United States (Vimalkumar et al., 2022), DEP, DEHP, DiBP, DnBP,
BBzP, di-cyclohexyl phthalate (DCHP), di-iso-decyl phthalate (DIDP),
and di-iso-nonyl phthalate (DINP) were detected in food and beverages
from Northwest China at median concentrations between 0.0002 and
0.1 ug/g (Ma et al., 2022). Low molecular weight (LMW) PHs (3 - 6
carbon atoms) were detected in indoor air in Norway at concentrations
of 785 ng/m3 (Sakhi et al., 2019). These data demonstrate that humans
are exposed to multiple PHs via inhalation, ingestion, and dermal
adsorption.

Many studies have reported on the endocrine activity of PHs, listing
altered hormone levels, reproductive toxicity, developmental effects,
and a potential risk for cancer among others (Martino-Andrade and
Chahoud, 2010; Ventrice et al., 2013; Xu et al., 2020; Zhu et al., 2018;
Zuccarello et al., 2018). Five phthalates, DiBP, DnBP, BBzP, DEHP, and
DCHP are classified by the European Chemicals Agency (ECHA) as
substances of very high concern (ECHA, 2025). Therefore, ECHA pro-
posed and enacted the restriction of four PHs, namely DEHP, BBzP,
DnBP, and DiBP in consumer products, leading to an increase in the
utilisation of alternative plasticisers over the last few years. Dominating
the market is di(isononyl)cyclohexane-1,2-dicarboxylate, alias Hexam-
oll® DINCH (DINCH) (Bui et al., 2016), that is structurally similar to
high molecular weight (HMW) PHs but supposedly less toxic (David
et al., 2015).

In the human body, PHs and DINCH undergo rapid biotransforma-
tion and urinary excretion (half-life < 24 h), though interindividual
differences apply due to variations in (non-) genetic susceptibility (Choi
et al., 2012; Nehring et al., 2020; Stajnko et al., 2022). The diesters are
enzymatically cleaved by esterases and lipases to the respective mono-
esters. LMW PH monoesters can be excreted in either free form or as
conjugates. HMW PH monoesters, however, can undergo further
biotransformation in the liver via cytochrome P450 enzymes, predom-
inantly leading to the formation of hydroxylated, oxidised, and
carboxylated metabolites that are excreted in urine predominantly in
conjugated form. Thus, human exposure assessment is mainly achieved
via the measurement of metabolites (free + conjugated) in urine. This
approach allows the assessment of exposure via all pathways and avoids
over- or underestimation of exposure that would occur if only free or
only conjugated metabolite levels were assessed (Silva et al., 2003).

Besides feasibility, however, the assessment of metabolite concen-
trations can yield further information important for health risk assess-
ment, as the toxicological profiles of the monoester metabolites often
differ from their di-ester parent compounds. For instance, the acute
toxicity of MEHP exceeds the toxicity of DEHP by a factor of 10 (Zhou
et al., 2023), and has been associated with oxidative stress, neurotox-
icity, and endocrine disruption (Liu et al., 2023; Wang et al., 2012; Zhou
et al., 2023), among others. However, exposure is rarely assessed at the
metabolite level, as evaluations more commonly focus on diester expo-
sure. This approach is also typically assumed for dietary exposure in
infants via maternal milk consumption, even though both diesters and
monoesters have been detected in maternal milk (Calafat et al., 2004).
This has been confirmed in a Swedish study that investigated the dis-
tribution of DEHP and its metabolites in the human body by analysing
42 matched urine, serum, and maternal milk samples (Hogberg et al.,
2008). Their findings revealed that the diester can be predominantly
detected in maternal milk (9pg/L) and to a lesser extent in blood
(0.5 pg/L). The monoester MEHP, however, is predominantly detected
in urine (15 pg/g creatinine) and present as a fraction in blood and milk
(0.49 ug/L). The findings from Calafat et al. (2004) add to this that
monoesters are mainly present in glucuronidated form in blood and in
free form in maternal milk. Secondary metabolites of MEHP - formed via
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cytochrome P450 enzymes - could only be detected in urine and at equal
or higher concentrations than MEHP (15-24 ug/g creatinine, respec-
tively) (Hogberg et al., 2008). Similarly, Brucker-Davis et al. (2008)
determined DnBP at median concentrations of 44.5ng/mL and
81.2ng/g in cord blood and maternal milk, respectively, with 18- and
7-fold lower concentrations of its metabolite MnBP (2.5 ng/mL in cord
blood and 12 ng/g in maternal milk). Those results demonstrate that the
diester can be transferred unchanged from blood to maternal milk.

Thus, the characteristic distribution of parent compounds and me-
tabolites can serve as a quality control factor when assessing the po-
tential for sample contamination if the enzymatic activity in blood and
maternal milk samples is inhibited immediately after sample collection
(Calafat et al., 2004; Koch et al., 2004). Previous studies suggest that
esterases and lipases remain fully active in stored samples even under
frozen conditions (Berkow et al., 1984; Wardell et al., 1984). This has
implications for future exposure assessment studies as it is becoming
more and more common for mothers to pump their milk and store it
under cooled conditions (Rasmussen et al., 2017) where monoester
formation can occur rapidly.

Human biomonitoring (HBM) has become a popular tool in assessing
the chemical body burden of populations, and many laboratories
conduct routine measurements of phthalates in urine. However,
maternal milk monitoring has become of increasing interest as an
exposure route for infants, a highly vulnerable population, and mono-
ester monitoring has been scarcely reported despite reason to suspect
high levels in stored maternal milk. The aim of our study was to develop
a UHPLC-MS/MS method for 14 metabolites of common phthalates
—DEP, DiBP, DnBP, BBzP, DCHP, DIDP, DINP, and DEHP— and three
DINCH metabolites applicable to urine and maternal milk samples to 1)
derive a dietary monoester exposure dose for infants under consider-
ation of the maternal phthalate body burden, and to 2) reveal knowledge
gaps and analytical needs that hinder standardisation and applicability
in routine HBM. The method was thoroughly validated and applied to
urine and maternal milk samples from the first national HBM study in
Slovenia.

2. Materials and methods
2.1. Materials and chemicals

The list of materials and chemicals can be found in the Supplemen-
tary Material (SM), Chapter 1. Importantly, not all calibration standards
were compliant with ISO/IEC 17034, while NIST Standard Reference
Material® 3672 (SRM), which was used for quality control and bias
correction, where needed, is the highest level metrological standard
traceable to the International System of Units (SI).

2.2. Preparation of working solutions and quality control samples

The working solutions of PH and DINCH metabolites were prepared
by diluting each reference standard solution (0.1g/L) in methanol
(MeOH) to a final concentration of 1000 ug/L. For the internal standard
(IS) working solution, the IS reference standard solutions (0.1 g/L) were
diluted in MeOH to achieve a final concentration of 100 pg/L. All solu-
tions were stored in a glass flask at —20 °C until use. Synthetic urine was
prepared following the published procedure (CDC, 2013). A fresh 3M
ammonium acetate buffer, used for the deconjugation step, was pre-
pared by dissolving ammonium acetate in HPLC-grade water and
adjusting the pH to 6.5 with formic acid (FA). Quality control (QC)
standards were prepared for each batch by spiking synthetic urine
(5 pg/L and 50 pg/L) and goat milk (0.19 pg/L and 19 pg/L) with PH and
DINCH metabolites at two concentration levels.

To minimise external contamination, only thermally treated glass-
ware was used in the analytical workflow, except for specific plastic
components like Oasis-HLB 96-well plates, collection plates, and filter
vials.
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2.3. Sample preparation for urine and maternal milk

2.3.1. Urine sample preparation

To 0.5mL of urine sample, 300 pL. of HPLC water, 150 uL. of 3M
ammonium acetate buffer (pH 6.5), 10 uL of p-glucuronidase, and 20 pL
of the internal standard mixture (final concentration 4pg/L) were
added. The mixture was then incubated at 37 °C for 1.5 h on an orbital
thermo-shaker to achieve the deconjugation of metabolites. The samples
were enriched by SPE, where a 60 mg Oasis-HLB sorbent packed in a 96-
well plate was conditioned with 3.6 mL of MeOH and equilibrated with
1.8 mL of HPLC-grade water. The sample was then loaded and passed
through the SPE plate, followed by a washing step with 1.5mL of 0.1 M
FA and 1.5 mL of water-MeOH mixture (9:1) with 0.1 % FA. After 20 min
of drying under full vacuum, the target analytes were eluted from the
plate with 1.8 mL MeOH and transferred to HPLC vials. The eluates were
then evaporated to almost dryness under a gentle flow of nitrogen gas,
and the residues were reconstituted in 0.5 mL of water-MeOH mixture
(9:1) with 0.1 % FA for UHPLC-MS/MS analysis. The same protocol was
applied to the procedural blanks, calibration, and QCs with synthetic
urine to match the urine matrix.

2.3.2. Milk sample preparation

2mL of maternal milk is transferred into a conical tube. 70 uL of
internal standard at a final concentration of 3.5ug/L and 10 mL of
acetonitrile (ACN) are added to the sample. After vortex-mixing for
1 min, the QUEChERS salts are added, and the mixture is shaken for
1 min prior to 10 min of centrifugation at 5511 xg to achieve phase
separation. The supernatant is then transferred into a new vial, 10 mL of
n-hexane is added, and the mixture is vortexed-mixed for 1 min and
centrifuged for 10 min at 5511 xg. After centrifugation, the supernatant
was discarded, and the lower layer was evaporated to dryness under a
stream of nitrogen gas in a new vial at 40 °C. The residue was then
reconstituted with 750 uL of 10 % ACN and filtered through a 0.20 pm
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filter (Regenerated Cellulose) prior to injection. The same protocol was
applied to the procedural blanks, calibration, and QCs with goat milk to
match the milk matrix.

2.4. Instrumental analysis

The instrumental analyses were carried out by ultra-high-
performance liquid chromatography (UHPLC, Shimadzu, Kyoto,
Japan) coupled to a hybrid quadrupole-linear ion trap mass spectrom-
etry analyser QTRAP 4500 (Sciex, Framingham, MA, USA). The Analyst
software from Sciex was used for data acquisition and analysis.

Separation of the MEP, MiBP, MnBP, MCHP, MBzP, MEHP, oxo-
MEHP, OH-MEHP, oxo-MINP, OH-MINP, oxo-MINCH, OH-MINCH,
oxo-MIDP, and OH-MIDP was achieved by “METHOD 1” on a Kinetex
Phenyl-Hexyl column (2.6 um, 2.1 x 150 mm, Phenomenex, Torrance,
CA, USA), whereas a shorter, i.e., 10 cm Kinetex Phenyl-Hexyl column
with the same stationary phase was used for the separation of carboxy
metabolites cx-MEPP, cx-MINP and cx-MINCH (“METHOD 2”). The total
flow rate was 0.2 mL/min for method 1 with an analysis time of 18 min,
whereas the flow rate of method 2 (cx-MEPP, cx-MINP and cx-MINCH)
was 0.3 mL/min with a total analysis time of 10 min.

The mobile phase for method 1 was 0.1 % FA in LC-MS grade water
(B) and 0.1 % FA in LC-MS grade MeOH (A) with a gradient from 10 % A
to 15 % A in 30 s, followed by a gradient increase to 60 % A over 4.5 min
and isocratic elution for 5 min, followed by a steep gradient to 100 % A
in one minute and isocratic elution for four minutes. Afterwards, the
concentration of A was reduced to 10 % and this level was kept for
column equilibration for three minutes. The gradient for method 2 was
as follows: A gradient from 10 % A (ACN) and 90 % B (0.5 mM
ammonium fluoride in water) to 100 % A within 6 min, followed by
isocratic elution for one minute. Afterwards, the concentration of A
decreased to 10 % and was kept for three minutes. The injection volume
was 10 L for both separation methods.

Table 1

Optimised mass spectrometric and chromatographic parameters. Rt: retention time; DP: Declustering Potential; CE: Collision Energy; CXP: Collision Cell Exit Potential.
Compound Rt (min) Precursor Ion (m/z) Product Ion(s) (m/2z) DP (V) CE (V) CXP (V)
MEP 8.05 193 77; 121 -15 -18; —16 -5; —11
IS-MEP 197 79 -15 -20 -7
MiBP 11.18 221 77,134 -55; -5 -22; 18 -11; —11
IS-MiBP 225 79 -5 -18 -7
MnBP 11.67 221 77; 149 -55 -22; —14 -11; 13
IS-MnBP 225 79 -5 -28 -11
MCHP 12.90 247 95; 147 -60 -46; —20 -7; =9
IS-MCHP 251 79 -60 -28 -5
MBzP 12.72 255 77; 107 -30 -26; —18 -5, =7
IS-MBzP 259 77 -30 -30 -7
MEHP 13.39 277 134; 77 -55 -20; —36 -7, -7
IS-MEHP 281 137 -55 -20 -9
OH-MEHP 12.09 293 121; 145 -70 -22; 18 -15; -5
1S-OH-MEHP 297 124 -70 -20 -3
Oxo-MEHP 12.07 291 143; 121 -70 -18; —26 -7; -9
IS-oxo-MEHP 295 124 -70 -18 -1
cx-MEPP 2.87 307 159; 113 -45 -16; —40 11; -9
1S-cx-MEPP 311 159 -5 -16 -9
OH-MIDP 13.08 321 121;173 -57 -24; —20 11; —11
IS-OH-MIDP 325 124 -57 -24 -11
Oxo-MIDP 13.12 319 171; 121 -65 -20; —24 -7, -9
IS-oxo-MIDP 323 124 -65 -22 -9
OH-MINP 12.87 307 121; 159 -70 -24; —20 11; —-15
IS-OH-MINP 311 124 -70 -22 -17
Oxo-MINP 12.88 305 121; 157 -75 -24; —20 11; -13
IS-oxo-MINP 309 124 -75 -24 -11
cx-MINP 3.03 321 173; 121 -10 -22; —24 -13; -1
IS-cx-MINP 325 173 -10 -22 -13
OH-MINCH 13.15 313 153; 109 -60 -20; —36 -13; -5
Oxo-MINCH 13.20 311 153; 109 -75 -20; —40 -13; -7
1S-oxo-MINCH 315 157 -75 -24 -11
cx-MINCH 3.79 327 173; 153 -45 -22; -30 -13; 11
IS-cx-MINCH 331 173 -45 -22 -17
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The ion source parameters were maintained as follows: ion spray
voltage (IS) —4500 V; source temperature (TEM) 450 °C; curtain gas
(CUR) 35 psi; ion source gases 1 and 2 (GS1 and GS2) 20 psi. The ana-
lytes were monitored in multiple reaction monitoring (MRM) mode
under electrospray negative ionisation. Two transitions were selected
for each native analyte, whereas one transition, along with Rt match,
was used for the corresponding isotopically labelled IS. The first tran-
sition (in bold, Table 1) was used as the quantification ion and the
second one for the identity confirmation. The retention times, monitored
transitions, and respective MS analyser settings are summarised in
Table 1. The identity of the PH metabolites was further confirmed by
matching retention times with their respective internal standards,
except for OH-MINCH, where IS-oxo-MINCH was employed. For ana-
lytes such as OH-MINP, oxo-MINP, and cx-MINP, which encompass
various isomeric forms, the entire cluster of signals was integrated for
their quantitative evaluation.

2.4.1. Analytical method validation

The analytical method was validated based on the guidelines estab-
lished by the European Medicines Agency (European Medicines Agency,
2022) and the U.S. Food and Drug Administration (FDA, 2018). Each
analyte underwent rigorous evaluation for sensitivity, method linearity,
within-run accuracy and precision, instrumental repeatability, carry-
over, recovery, and matrix effect. The validation protocol involved
analysing five replicates of synthetic urine and three replicates of goat
milk for each parameter. The suitability of these substitute matrices was
assessed and verified using real samples.

The method’s sensitivity was assessed by determining the lower limit
of quantification (LLOQ), defined as the lowest analyte concentration
with a signal-to-noise (S/N) of at least 10, at an accuracy error and a
coefficient of variation (% CV), both within + 20 %.

Linearity was evaluated based on the determination coefficient R?
of the matrix-matched calibration curve within the defined concentra-
tion range (1/x weighted). Calibration curves were prepared by forti-
fying synthetic urine in triplicate at concentrations ranging from the
LLOQ to 100 pg/L, and goat milk at concentrations ranging from the
LLOQ to 60 pg/L. The acceptance criterion was for the calibration
standards to fall within + 15 % of their nominal values, and + 20 % in
the case of LLOQ levels. The use of surrogate matrices for calibration
curve preparation was necessitated by the lack of blank samples and
validated through participation in multiple German External Quality
Assessment Scheme (G-EQUAS) and the analysis of SRM.

Within-run accuracy and precision were assessed by analysing syn-
thetic urine spiked at LLOQ, 5 pg/L, and 50 pg/L, as well as goat milk
spiked at LLOQ and 19 pg/L. Accuracy was considered satisfactory if the
mean concentrations were within + 15 % of the nominal value (£ 20 %
at LLOQ). Precision was deemed acceptable if the coefficient of variation
(% CV) did not exceed 15 % or 20 % at LLOQ. Instrumental repeatability
was evaluated as the % CV of five consecutive injections of the same
sample at two concentration levels.

Carryover was examined by analysing solvent blanks following the
acquisition of the highest calibration standard. The analyte peak area in
the solvent blanks should not surpass 20 % and 5 % of the LLOQ for
native and labelled reference standards.

For the method recovery and matrix effect (ME), replicates at two
concentration levels (5 pg/L and 50 pg/L) for urine and at two con-
centration levels (0.19 pg/L and 19 pg/L) for milk were analysed. For
each level, we compared synthetic urine and goat milk spiked before and
after sample preparation, whereas IS were added before the analysis to
cover for instrumental variability. Recovery was calculated by com-
parison of the mean peak area ratios of the analyte and the IS in samples
spiked before and after sample preparation. The matrix effect was
evaluated by comparing the mean peak area ratios of the analyte to the
IS in matrix-matched samples spiked after extraction with those in the
reconstitution solvent at specified concentration levels. Procedural
blanks and zero calibration were prepared in triplicate and were used to
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assess potential background contamination. The procedural blank for
the calibration curve consisted of synthetic urine and goat milk spiked
with isotopically labelled internal standards, while LC-MS purity grade
water spiked with labelled internal standards was used to correct levels
in real samples.

2.5. Quality assurance and control

QC samples were injected every ten samples through analytical batch
to continuously monitor instrumental performance, injection repeat-
ability and signal stability. Long-term method performance was assessed
only for urine by evaluating between-run precision, accuracy, and
measurement uncertainty (MU). This was accomplished by recording
quantification results for QCs at two different concentration levels
(5 pg/L and 50 pg/L), both in duplicates. We established a control chart
for each analyte (SM, Chapter 2) and calculated the limits based on the
first 6 measurements of QC samples. The central line represents the
average of all measurements as well as the upper (UWL) and lower
warning (LWL) and action (upper: UAL, lower: LAL) limits. These were
established using Eqs. 1 and 2, respectively:

WL = AVER + (2 x STDEV) €]

WL = AVER = (3 x STDEV) ()

According to common practice in quality control, if a QC exceeds two
consecutive warning limits (WL), or a single point exceeds an action
limit (AL), the batch would be rejected and flagged for investigation.
Additionally, if a positive or negative trend of 7 consecutive points in
one direction is observed, this would also trigger a review. In these
cases, the batch would not be accepted until the reason for the deviation
has been identified and corrected. The MU was calculated based on the
control charts of the analytes and individual error contributions
throughout the workflow. A detailed description of the MU calculation is
provided in SM, Chapter 3.

To ensure the high quality of the analytical process and results, we
constantly utilised SRM for urine and periodically participated in the
interlaboratory comparison investigation programme G-EQUAS. Un-
fortunately, no similar external validation schemes are available for
maternal milk. 8 PH metabolites (MEP, MnBP, MiBP, MBzP, MEHP, oxo-
MEHP, OH-MEHP, and cx-MEPP were determined in Standard Reference
Material® 3672 (SRM3672) and compared with the certified levels to
ensure the accuracy and reliability of our results. The SRM has been
regularly used to ensure the validity of our results. By participating in a
nonoccupational G-EQUAS study, we determined levels of 13 PH and
DINCH metabolites (MEP, MnBP, MiBP, MBzP, MEHP, oxo-MEHP, OH-
MEHP, cx-MEPP, OH-MINP, cx-MINP, oxo-MINCH, OH-MINCH, and cx-
MINCH) in urine and compared them to the reference values for the
above-stated analytes.

2.6. Method application in biomonitoring studies

2.6.1. Study population description

Thirty women were randomly selected among 448 female partici-
pants of the first national HBM study in Slovenia to verify the applica-
bility of the developed methods in HBM. Urine and maternal milk
samples (among other sample types) were collected by the regional
health care centres, mainly 6 — 8 weeks after delivery. Details on the
study population are published elsewhere (Snoj Tratnik et al., 2019).
The aim of the original study design was to investigate exposure to trace
elements across twelve geographical areas in Slovenia. The study was
approved by the Republic of Slovenia National Medical Ethics Com-
mittee, with numbers of accordance 42/12/07 and 53/07/09. Addi-
tional ethical approval was obtained for the use of biobanked samples
(number of accordance 0120-431,/2018/4). Informed written consent
was obtained from all participants.
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2.6.2. Sampling procedures

Spot urine samples were obtained approximately 6-8 weeks after
delivery. Urine samples were stored and transported under cooled
conditions (2 — 8 °C) for a maximum of six hours prior to aliquoting and
storage at —80 °C. The participants collected the maternal milk samples
themselves and stored them at 2 — 8 °C for a maximum period of six days.
To decrease the influence of individual differences in excretion and milk
composition, the samples were pooled at the end of the collection
period, yielding one pooled sample per participant. Due to the aim of the
original study design, the samples were not acidified after collection.
The samples were stored at —80°C at our laboratory at the Jozef Stefan
Institute.

2.7. Normalisation and statistical analyses

To account for urine sample dilution, the concentrations of PHs were
normalised using specific gravity (SG) adjustment. SG was determined
using a PAL-10S refractometer (Atago®, Japan), with a measurement
range of 1.000-1.060. SG-corrected concentrations were calculated by
the formula:

Cadjusted (ug/L) = Cieasured X (SGs —1) / (SG; — 1)

where Cagjusted is the adjusted concentration, Cpeasured is the measured
concentration, SG;s is standard specific gravity, which was calculated as
average specific gravity (SGs = 1.013), and SG; is the measured specific
gravity of an individual sample.

The statistical analyses and graphical illustrations were carried out in
RStudio (Version 4.3.3). All graphs were created with ggplot2
(Wickham, 2016). The descriptive statistics were calculated in Excel.

3. Results and discussion
3.1. Optimisation of urine sample preparation

3.1.1. Sample pre-treatment

The predominant excretion of PH and DINCH metabolites as glucu-
ronides has been repeatedly reported in the literature (Koch et al.,
2004). Thus, the optimal performance of the deconjugation is crucial for
the reliable determination of PH and DINCH metabolites in urine. It is
widely known that p-glucuronidase from Escherichia coli is preferred
over the p-glucuronidase/sulfatase mixture derived from Helix pomatia
due to increased background effects, PHs contamination, and
non-specific activity of the latter that leads to analytical challenges and
artificially increased background levels (Blount et al., 2000; Fareed
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Fig. 1. Metabolite concentration in NIST certified Standard Reference Material
(SRM) after 1.5 h and 16 h of deconjugation time.
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etal., 2022; Koch et al., 2003). The enzymatic deconjugation process for
the urine matrix was optimised by varying the enzyme volume (10 uL
and 100 pL) and deconjugation time (1.5h and 16 h). To assess the
effectiveness of different deconjugation procedures, we compared them
using pooled urine samples and SRM 3672, the latter contains certified
concentrations of 8 phthalate glucuronides (NIST, 2022). In pooled
urine samples, we did not observe a statistically significant difference in
the concentrations of metabolites between adding 10 pL or 100 uL of
B-glucuronidase. Moreover, as illustrated in Fig. 1, no significant dif-
ferences were found in SRM metabolite concentrations between
deconjugation times of 1.5h and 16 h. The concentrations obtained
were well aligned with the mass fraction values provided in the SRM
certificate (NIST, 2022). Therefore, the final method for deconjugating
PH metabolites involves adding 150 pL of 3 M ammonium acetate buffer
(pH 6.5), 10 uL of p-glucuronidase, and 300 pL of HPLC water to 0.5 mL
of urine sample, followed by a 1.5-hour incubation at 37 °C on a
thermo-shaker.

3.1.2. Solid-phase extraction

The solid-phase extraction with a 60 mg Oasis-HLB sorbent was
optimised with regard to the pre-washing and washing steps to achieve
the highest analyte recovery while minimising interferences. The
washing procedure was optimised in a systematic stepwise approach.
10 %, 25 %, and 40 % of MeOH in acidified (0.1 % FA) and non-
acidified HPLC grade water were evaluated without and after a pre-
wash step with non-acidified and acidified (0.1 M and 0.2 M) 1.5 mL
of water. The analytes responded well to the acidified solution as it as-
sures the analytes remain in a non-dissociated state, enhancing their
binding to the sorbent prior to elution with MeOH. However, 0.2 M FA
significantly worsened the matrix effect and negatively affected the
chromatographic peak shape and signal integration; hence, the final
concentration of 0.1 M FA was selected for sample pre-wash. The
optimal water/MeOH ratio for the washing step was 9:1, with the
addition of 0.1 % FA. A higher MeOH content resulted in analyte loss
and lower recoveries, while using only a pre-wash solution was ineffi-
cient in reducing the background effect and led to higher detection
limits. The addition of 0.1 % FA improved recoveries and reduced ma-
trix effects of the analytes compared to the non-acidified mixture.
Optimal results were obtained for a combination of 1.5 mL 0.1 M HPLC-
grade water followed by 1.5 mL of a 9:1 water/MeOH mixture, acidified
with 0.1 % FA.

3.2. Optimisation of milk sample preparation

3.2.1. Sample pre-treatment

Unlike urine, maternal milk predominantly contains metabolites in a
non-conjugated form, a characteristic attributed to differences in
metabolic processes and matrix composition. Phase II metabolic
(conjugation) reactions primarily occur in the liver, where they detoxify
compounds and facilitate their urinary excretion. Maternal milk, how-
ever, has a higher lipid content, which promotes the distribution of
lipophilic compounds and reduces the likelihood of conjugated metab-
olites (Fromme, 2011). To verify the absence of conjugated monoesters
in maternal milk, we compared deconjugated and non-deconjugated
samples. Maternal milk was treated with 75 pL of p-glucuronidase and
2mL of 3M ammonium acetate buffer (pH 6.5), while the second
replicate was left untreated, receiving only 2 mL of the buffer. Both
samples were incubated for 16 h at 37 °C. No significant differences in
PH and DINCH metabolite levels were observed between the deconju-
gated and non-deconjugated samples. Consequently, the deconjugation
step can be omitted from the sample preparation process.

Subsequent experiments were conducted to evaluate potential
contamination with phthalate diesters during the sample preparation.
Since the maternal milk samples were not acidified immediately after
collection, a subset of five randomly selected samples was pooled,
divided, and analysed with and without the addition of 0.2 mL of 1 M



A.A. Runkel et al.

phosphoric acid prior to extraction. Consistent with findings by
(Mortensen et al., 2005), no difference in metabolite concentrations was
observed between acidified and non-acidified samples. This suggests
that contamination with phthalate diesters did not influence the
measured metabolite levels.

3.2.2. Solid-phase and QUEChERS extraction

The suitability of SPE for maternal milk samples was assessed for
1 mL of undiluted sample as well as for a 1:1 (v/v) dilution with 1 mL of
0.1 M FA. Oasis HLB cartridges (3 cc, 60 mg) were used in this experi-
ment. Our SPE protocol from the urine method proved to be unsuitable
for the preparation of maternal milk samples due to the high-fat content
of the matrix. Dilution of the samples did not facilitate the passing of the
matrix through the SPE sorbent either. Therefore, we evaluated the
QuEChERS approach with a slight modification presented by An et al.
(2020). The method, while thoroughly optimised by An et al. (2020),
might not be easily applicable in large-scale HBM studies, due to tem-
poral requirements, especially about the described total of 20 min of
manual vortex mixing of each sample. Thus, we limited the shaking time
to one minute during both mixing steps and verified the suitability of
this approach by closely monitoring the achieved recoveries. Further-
more, to lower the detection limit, we reduced the reconstitution volume
to 0.75 mL.

3.3. Instrumental analysis

A phenyl-hexyl stationary phase of the chromatographic column was
chosen to overcome the challenge of analysing multiple analytes with
different polarities and consequently different affinities for the station-
ary phase by utilising the n-n interactions between the phenyl group and
the analyte (Croes et al., 2005; Marchand et al., 2005). The hydrophobic
hexyl group has a strengthening effect on this interaction, further
increasing analyte retention. Additionally, n-7 interactions are intensi-
fied by using MeOH in the mobile phase, whereas studies report that
ACN-containing mobile phases can decrease the retention of aromatic
analytes in phenyl columns by up to 50 % compared to MeOH (Croes
et al., 2005). The suitability of phenyl-hexyl columns for PH metabolite
analysis has been demonstrated (Koch et al., 2003) and our results
confirm its suitability for these compounds, even in the presence of
isomers (MiBP and MnBP) that can be challenging to chromatographi-
cally separate (Figure S-5) (Alves et al., 2016; Frederiksen et al., 2010).
Representative extracted ion chromatograms obtained using method 1
are shown in Figure S-6.

While all phthalate and DINCH monoesters contain a carboxyl group,
some metabolites (cx-MEPP, cx-MINP and cx-MINCH) possess an addi-
tional carboxyl functional group, which change polarity and alters
chromatographic behaviour. This additional carboxyl group enhances
the hydrogen bonding with either the stationary phase or the solvent
molecules, dipole-dipole interactions, and pH-dependent electrostatic
effects. Additionally, its electron-withdrawing nature reduces the elec-
tron density of the aromatic ring, thereby weakening n-n interactions
and reducing retention. Through careful adjustment of mobile phase
composition and pH, these effects can be managed. Decreasing the pH of
the mobile phase prevents the deprotonation of the carboxyl group,
which increases n-n interactions and reduces electrostatic interactions.
In its non-dissociated state, the carboxyl group can form strong
hydrogen bonds with the mobile phase if it acts as a hydrogen donor (FA
and MeOH), which can lead to insufficient retention and compromised
peak shape.

Therefore, cx-MEPP, cx-MINP and cx-MINCH were analysed using a
separate chromatographic method employing ACN as the organic sol-
vent and ammonium fluoride as additive in the aqueous phase. As a
polar aprotic solvent, ACN exhibits weak hydrogen-bonding capacity,
reducing solvation of carboxyl groups and improving retention. The
addition of ammonium fluoride further enhances ionisation efficiency in
negative electrospray ionisation mode, resulting in increased sensitivity
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(McFadden and Ames, 2023). Extracted ion chromatograms obtained
under these conditions are provided in Figure S-7.

This chromatographic approach helped to achieve LLOQs that are
sufficient for the monitoring of common PHs and DINCH, but might pose
challenges for less common xenobiotics.

3.3.1. Analytical method validation, quality assurance and control

The validation results for method sensitivity, accuracy, method and
instrumental repeatability, recovery, matrix effect, and corrected matrix
effect for urine samples are presented in Table 2, and for milk samples in
Table 3. Additionally, combined and expanded measurement un-
certainties for urine samples are reported in Table 2.

3.3.1.1. Lower limit of quantification for urine and maternal milk
samples. The LLOQ in urine was in the range of 0.05 — 0.25 ug/L (see
Table 2), except for MCHP (0.50 pg/L). These levels are sufficiently low
to determine exposure to DINCH and common PHs in non-occupational
HBM (Koch et al., 2017; Vogel et al., 2023). For milk, LLOQ levels range
from 0.09 pg/L to 0.19 pg/L (Table 3), except for MCHP. Its signal was
found to be suppressed in milk, and the compound was therefore
excluded from the validation.

3.3.1.2. Calibration curve linearity. The calibration linearity results
demonstrated an acceptable correlation between the measured PH
metabolite concentrations in synthetic urine and their corresponding
reference standard, with R? values ranging from 0.9969 to 0.9996 for all
metabolites. Similarly, in goat milk, the R* was between 0.9950 and
0.9999.

3.3.1.3. Procedural blanks and investigation of carry-over. We investi-
gated procedural blanks for possible contamination with monoester
metabolites, finding traces of MEHP, MiBP, MnBP, oxo-MINCH, OH-
MINCH, and cx-MINCH, but their peak area did not exceed 40 % of the
mean LLOQ peak area. Since these background levels were stable and
they were always accompanying the preparation of batches, together
with other QCs, we were able to correct the samples for their levels.
Injection of a solvent blank immediately after analysis of the highest
calibration standard did not highlight any carry-over.

3.3.1.4. Measurement accuracy. Accuracy errors for both milk and urine
were within 16 % of the nominal concentration for each metabolite,
while the acceptance criteria were set to < 15 %, or < 20 % at LLOQ
levels, which deems the method accuracy suitable. Accuracy at two
concentration levels was further confirmed at the G-EQUAS interlabor-
atory scheme, with the analytes being between 69 % and 117 % relative
to the reference values (Table S-1, Table S-2, Table S-3). All the mea-
surements were within the respective tolerance range for each analyte.
Additionally, a comparison with NIST SRM3672 (NIST, 2022) revealed
measurement accuracies ranging from 76 % to 99 % of the reference
concentrations (Table S-4). Specifically, the accuracies for oxo-MEHP
and cx-MINCH were 99 %, while MnBP and cx-MINCH demonstrated
95 % accuracy. The accuracies for MEP and OH-MEHP were 98 % and
85 %, respectively, whereas MiBP and MEHP had accuracies below 80 %
(78 % and 76 %).

By combining three independent approaches to evaluate the
method's accuracy, we enhanced the reliability of our results and
confirmed its suitability for application in HBM. Considering the critical
role of maternal milk as an exposure source for infants, we highlight the
need for interlaboratory comparison schemes and the development of
SRMs to support its integration into monitoring studies.

3.3.1.5. Repeatability, recoveries, and matrix effect (ME). The method
proved to be repeatable, with instrumental repeatability at CV lower
than 9 % and method repeatability within 12 %. As shown in Table 2,
metabolites in urine showed recoveries ranging from 71 % to 91 %, most
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Table 2

Validation results for urine samples: LLOQ, accuracy error, method and instrumental repeatability, recovery, matrix effect, corrected matrix effect, and measurement uncertainty.

U (%)

uc (%)

Corr. matrix effect (%)

Recovery (%) Matrix effect (%)

Instr. repeatability

Method repeatability

Accuracy error

LLOQ (ug/L)

Metabolite

(CV %)

(CV %)

(%)

High

Mid

High

Mid

High

Mid High Mid

High

Mid

High

Mid

High LLOQ Mid High

Mid

LLOQ

24
21

14
19
21

12
10
8.7

6.9
9.7
11
15
8.2
13
11
11

99
99
105
94
98
101
103
95
97
101
104
99
99
102
99
99
96

110
99
103

101
100
929
90
94
920
101
98
94
97

98
102
101

96

89

85

71 82

2.0
3.5

5.4

8.8
5.8
5.2
4.0
6.8
5.9
3.5
4.5
3.8
3.9
4.9
2.8
3.2
1.1
4.0
5.9
3.2

4.0
9.5
6.1

4.6
9.4

5.8
4.0

5.6
5.3
3.5
5.2
1.0
4.4
15
9.1

1.8
4.8

0.25
0.10
0.10
0.50
0.25
0.25
0.10
0.10
0.05
0.05
0.05
0.25
0.05
0.05

0.

MEP
MiBP

78

91

1.0
3.0
1.8

3.1

17
26
9.0
23

80
82

88
82

6.1

12
9.1

1.3
4.6
5.2
2.2

3.3
3.9
1.6
11
16
9.5
0.44
0.12
5.2

MnBP

30
16
26
22

13
4.5

100
108
929

4.7
6.1

4.1

MCHP
MBzP

84
79
80
920
82

77
75
81

7.6
7.0

2.1

9.9
3.7

4.2

11
7.3

3.7

4.7

MEHP

15
21

107
100
100
94
91

105
96
93
89
87
88
95

2.5

4.9
2.9

2.5

10
9.2

OH-MEHP

22
3.5

11
5.3

82

4.1

3.5
4.2
2.4
6.0
7.0
4.3
2.4

4.1

8.7
6.9
5.8
6.3
8.9
3.5

8.1

oxo-MEHP
cx-MEPP
OH-MIDP
oxo-MIDP
OH-MINP
oxo-MINP
cx-MINP

11
22

1.7
11
12
11
11
9.9
11
10
3.9

81

1.7
2.7

8.0
3.3

7.9
7.8
8.9
5.4
4.6
11

23

11
9.9
12

8.7

81

82

3.0
3.7

4.5

20
24
17
12
16
20
10

24
23

106
929
95

83

84
88
79
84
80
83
80

4.0
3.5

1.3
5.7
4.2
9.2

91

85

0.72
3.3
5.6
6.4
2.4
7.7

22

97

90
80
80
82

1.3
0.84

3.6
2.8
2.9
3.2
0.94

20
22

6.2

102
929
98

102

92

85
94
92
93

8.1

929
98
94

2.4
3.7

8.6
7.4
6.1

5.8
6.9
9.8

10
9.4
10

25

OH-MINCH

20
7.7

10
5.1

2.0
2.0

0.05
0.05

oxo-MINCH
cx-MINCH

84

1.4

LLOQ: lower limit of quantification; Mid: 5 pg/L; High: 50 pg/L; CV: coefficient of variation; u.: combined uncertainty; U: expanded uncertainty
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exceeding 80 %. In contrast, recoveries from maternal milk after
QuEChERS extraction were lower, between 48 % and 87 %, likely due to
the matrix complexity and additional n-hexane extraction step. The ME
was evaluated before and after IS correction. For urine (Table 2), un-
corrected ME ranged from 85 % to 106 %, improving to 91-110 % after
IS correction. For milk, the ME was more pronounced, particularly for
MEHP, demonstrating 59 % at low and 22 % at high concentrations.
However, after IS correction, ME in milk improved significantly, ranging
from 77 % to 130 %, highlighting the effectiveness of IS adjustment in
reducing matrix effects (see Table 3).

3.3.1.6. Measurement uncertainty and long-term method performance for
urine analysis. To monitor the method’s long-term performance,
including possible trends, systematic error and between-run precision,
we set up a control chart for each metabolite (SM, Chapter 2). Data
retrieved from the control charts were subsequently used to determine
the method’s expanded MU. The MU encompasses bias and within-
laboratory reproducibility (between-run precision) of QCs, as well as
uncertainties arising from individual contributors such as pipettes,
volumetric flasks, and standard preparation, alongside uncertainties
introduced by different analysts, the impact of long-term analysis (e.g.,
day-to-day mass spectrometer response, different batches of reagents,
materials, and solvents) (Magnusson et al., 2017). It can be determined
by identifying and evaluating individual sources of uncertainty (GUM
approach - Joint Committee for Guides in Metrology, 2008) or by
calculating uncertainty from validation data (ISO, 2017; Magnusson
et al., 2017). The expanded measurement uncertainty for two concen-
tration levels of 17 metabolites in urine samples was calculated by
following the Guide to the Expression of Uncertainty in Measurement
(Joint Committee for Guides in Metrology, 2008). The MUs were mostly
within + 24 % of the reported value at a 95 % confidence interval
(Table 2). The exceptions were MCHP and MEHP, where the MUs were
within + 30 %. Overall, MUs within the above-stated ranges are a
reasonable outcome given the levels, matrix complexity, and complexity
of sample preparation. Additionally, the control charts (see SM, Chapter
2) showed consistent performance without any notable trends or sig-
nificant deviations.

3.4. Phthalate and DINCH metabolites in paired urine/milk samples

Thirty paired human urine and milk samples donated by lactating
mothers 6 — 8 weeks postpartum were processed and analysed using the
above-described method. The results are presented in Table 4 and
compared with findings from other studies, as illustrated in Fig. 2.

As indicated by Table 4, 17 PH and DINCH metabolites could be
quantified in urine and 11 in maternal milk. The majority of urinary
metabolites could be detected in 80-100 % of samples, except for
MCHP, which was detected in 10 % of samples. The detection rates in
maternal milk were lower. While OH-MEHP, oxo-MEHP, cx-MEPP, cx-
MINP, and cx-MINCH were not detected in milk samples, the detection
rate for the remaining ones ranged from 7 % to 100 %. The concentra-
tions of metabolites detectable in urine and human milk did not corre-
late significantly between matrices. The results are presented in
Table S5.

For most metabolites in urine, the concentrations are comparable
with those for adults reported by other studies, however, it is note-
worthy that OH-MINCH is remarkably high compared to other reported
values in the literature (Fig. 2), especially considering that the popula-
tion was sampled between 2008 and 2014, and that the use of traditional
phthalates experienced the largest decrease toward 2011 (Bui et al.,
2016).

Given the absence of field blanks, contamination is a factor of un-
certainty in our study. To approximate the level of contamination, we
calculated the ratios between the urinary metabolites of DEHP and
DINCH and compared them with the literature. The median ratios of OH-
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Table 3
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Validation results for milk samples: LLOQ, accuracy error, method and instrumental repeatability, recovery, matrix effect, corrected matrix effect.

Metabolite LLOQ (ug/L) Accuracy error Method Instrumental Recovery (%) Matrix effect (%) Corr. matrix effect
(%) repeatability (CV %) repeatability (CV %) (%)
LLOQ 19ug/L  LLOQ 19ug/l.  0.19 pg/L 19 pug/L 0.19pg/L.  19pg/L  0.19ug/L  19pg/L  0.19ug/L 19 ug/L

MEP 0.19 3.4 6.7 4.7 2.5 6.2 8.2 49 49 126 76 130 100
MiBP 0.09 1.2 9.5 6.2 3.1 6.4 6.1 68 58 97 95 108 102
MnBP 0.19 5.1 5.3 1.6 5.4 6.9 6.9 77 52 119 95 122 104
MBzP 0.19 5.9 6.8 5.2 4.5 3.8 3.7 62 63 70 81 78 100
MEHP 0.09 4.3 9.5 11.2 7.4 1.0 5.4 84 55 59 22 128 101
OH-MEHP 0.19 15 1.5 3.8 3.4 2.4 2.8 54 57 90 89 97 95

oxo-MEHP 0.19 4.7 3.3 8.1 4.4 6.4 1.3 48 51 104 96 116 100
cx-MEPP 0.09 6.3 5.0 3.4 1.7 35 2.2 47 48 67 127 101 104
OH-MIDP 0.09 6.0 0.40 6.6 1.6 5.8 1.1 59 54 86 93 90 100
oxo-MIDP 0.09 14 3.6 1.7 9.1 7.5 8.6 62 52 80 89 95 105
OH-MINP 0.19 10.0 5.7 3.5 6.2 4.8 3.3 60 58 82 89 87 104
oxo-MINP 0.09 3.2 8.9 7.4 4.9 3.4 2.7 57 53 88 91 103 107
cx-MINP 0.09 4.0 12.0 6.8 4.0 2.0 1.2 53 48 66 110 90 99

OH-MINCH 0.09 3.2 4.3 7.4 35 5.7 2.0 87 52 82 85 88 103
oxo-MINCH 0.09 4.3 4.7 2.4 6.3 2.1 3.6 71 53 73 87 77 106
cx-MINCH 0.09 5.2 11.0 5.5 3.6 7.4 3.1 61 53 63 91 93 101

LLOQ: lower limit of quantification; CV: coefficient of variation

Table 4

Results from the biomonitoring study of urine and milk samples (n = 30). MCHP, OH-MEHP, oxo-MEHP, cx-MEPP, cx-MINP, and cx-MINCH were not detected in

maternal milk samples.

Metabolite Urine (ug/L) Milk (ug/L)

QR (%) AM Median Range Po0 QR (%) AM Median Range P90
MEP 100 32 14 4.9-316 80 83 3 0.84 <LLOQ-36 5.2
MiBP 100 28 15 2.3-281 52 100 18 16 1.0-45 34
MnBP 100 18 9.5 0.39-104 38 100 1.3 1.2 0.29-3.4 2.5
MCHP 10 0.28 < LLOQ <LLOQ-0.95 0.28 / / / / /
MBzP 100 4.7 2.4 0.18-37 14 30 0.42 <LLOQ <LLOQ-1.1 0.98
MEHP 97 3.0 1.3 <LLOQ-28 6 100 6.3 5.0 1.7-29 9.5
OH-MEHP 100 12 5.2 0.39-132 26 0 / / / /
oxo-MEHP 97 7.7 3.5 <LLOQ-87 16 0 / / / /
cx-MEPP 100 18 6.8 1.3-233 41 0 / / / /
OH-MIDP 100 1.3 0.71 0.08-7.5 2.5 57 0.15 0.13 <LLOQ-0.44 0.29
oxo-MIDP 100 0.63 0.47 0.14-2.7 1.2 7 0.19 0.19 <LLOQ-0.24 0.23
OH-MINP 100 4.6 2.4 0.52-41 12 100 1.9 1.4 0.32-7.2 4.2
oxo-MINP 100 2.0 1.2 0.14-14 5.5 67 0.11 0.11 <LLOQ-0.39 0.16
cx-MINP 100 5.9 31 0.49-62 7.6 0 / / / /
OH-MINCH 80 2.5 1.8 <LLOQ-8.7 85 67 0.14 0.15 <LLOQ-0.36 0.23
oxo-MINCH 87 0.92 0.67 <LLOQ-3.6 2.5 100 0.46 0.47 0.08-1.0 0.74
cx-MINCH 100 1.4 1.0 0.08-5.6 4.7 0 / / / /

QR: Quantification rate; AM: arithmetic mean; P: percentile

MEHP, oxo-MEHP, and cx-MEPP to MEHP are 2.95, 1.98, and 3.94, and
the ratios between OH-MEHP and oxo-MEHP and between cx-MEPP and
OH-MEHP are both 1.48, indicating that DEHP is predominantly
excreted as cx-MEPP, followed by OH-MEHP, oxo-MEHP, and MEHP.
Those results are in agreement with the literature (Koch et al., 2003;
Stajnko et al., 2022). In the absence of the primary metabolite, MINCH,
the ratios for the DINCH metabolites were 3.09, 0.59, and 1.86 or
OH-MINCH to oxo-MINCH, cx-MINCH to OH-MINCH, and cx-MINCH to
o0xo-MINCH, respectively. The difference in DINCH excretion patterns
(MINCH < ¢x-MINCH = oxo-MINCH < OH-MINCH) has been observed
by other studies as well (Koch et al., 2013). The levels of the LMW PHs
MEP, MiBP, and MnBP are higher compared to other metabolites, which
have been repeatedly reported in the literature and attributed to the use
of personal care products. However, they are only roughly a third of
those reported for Slovenian female DEMOCOPHES participants of
similar age and sampled in 2011 (Runkel et al., 2020). It should be noted
that, given the substantially smaller sample size (30 individuals), the
metabolite levels observed in this study do not reflect the
population-level data, as reported in the larger-scale DEMOCOPHES
study (Runkel et al., 2020).

The metabolite concentrations determined in maternal milk samples

are largely in the range of those reported in the literature (Fig. 2).
However, two monoester metabolites, MEHP and MiBP, were unex-
pectedly high compared to the concentrations in paired urine samples
(Fig. 3) with maternal milk/urine ratios of 3.9 and 1.1, respectively. This
is noteworthy, as metabolite levels in milk are typically lower than in
urine and the ratios between maternal milk and urine for MEHP and
MiBP are generally range from 0.05 to 0.3 and from 0.03 to 0.07,
respectively (Arbuckle et al., 2016; Hogberg et al., 2008; Kim et al.,
2018; Lin et al., 2011). The maternal milk/urine ratios can be further
calculated for MEP and MnBP for four studies (Arbuckle et al., 2016;
Hogberg et al., 2008; Kim et al., 2018; Lin et al., 2011), and range from
0.0003 to 0.03 and from 0.01 to 0.07, respectively. In comparison, the
observed ratios in our study are 0.06 for MEP and 0.1 for MnBP. Thus,
we observe that our ratios exceed the calculated average ratios of the
four studies (MEP 0.02, MiBP 0.05, MnBP 0.04, and MEHP 0.29) by
magnitudes of 4, 20, 3, and 13. Due to the limited number of studies
reporting metabolite concentrations in paired urine and maternal milk,
this observation needs verification; however, it is likely the result of
enzymatic activity in the samples that were not acidified after collection,
not immediately frozen, and relocated between freezers of different
temperatures.



A.A. Runkel et al.

‘ MEP MCHP OH.MEHP | oxo.MEHP

Ecotoxicology and Environmental Safety 309 (2026) 119698

OH.MINP || oxo.MINP OH.MIDP || oxo.MIDP [ex.MINCH|

This Study* 0.8
Schlumpf et al. (2010)]
Onipede et al. (2019) 1
Mortensen et al. (2003){
Main et al. (2006)

Liu et al. (2024)]

Lin etal. (2011)

Latini et al. (2009)

Kim et al. (2020)*|

Kim et al. (2018)1

Kim et al. (2015)1

Hung et al. (2021)]
Hoegberg et al. (2008)]
Hines et al. (2009)/
Guerranti et al. (2013) Cr.{

ND ND ND

=Y 0.9
0.9
1.0
0.4

0.2
04
0.4

0.06

0.1
05
ND ND
Fromme et al. (2011)]
Calafat et al. (2004)]
Arbuckle et al. (2016)*{
An etal. (2020){

ND
0.02
ND

Reference

ex.MEPP

ND

ND

X.MINP

OH.MINCH|jox0.MINCH
0.1 0.5

F 14 0.1 1 0.1 1 0.2

| 0.2

NI [BUIE ]

Legend
Maternal Milk
Urine

M This Study

This Study = 14 ND =52
Wenzel etal. (2021) SGi
Schuetze et al. (2014)#|
Runkel et al. (2020) SG
Porr: . (2020)
Pirard & Charlier 2022* }
Lin ctal. (2011)]

Koch et al. (2017)#f= 1
Kim et al. (2022)#

Kim et al. (2018)+

Jiang etal. (2023)*}

tal. (2008)+
Di etal. (2023) Cr.{

Been et al. (2019)
Arbuckle et al. (2023)* SG¢
Arbuckle et al. (2016)*SG¢
Al-Saleh et al. (2024)}

= 2.4 = 3.5

18
ND
4.1

42
14
= 2.6 9.9
Hoegbe:

0.01
0.01

5.7 = 4.1
83

6.9 8.5

6.8

7.1
3.0
18

F1s
0.2
|04

2 o7 o5 07

ND
0.2

= 1.0
ND
1 0.2

24 r 0.8 I

suun

' 0.5 ND

ND ND
0.6

24

04
1.8

105
ND

0.02
ND

| 0.08
| 0.1

Metabolit

e Concentrati

on (ng/L)
* = geometric mean, # = arithmetic mean, SG = specific gravity adjusted, Cr = Creatinine adjusted

Fig. 2. Phthalate metabolite concentrations in urine and maternal milk of non-occupationally exposed adults reported in the literature. Presented are median
concentrations, unless indicated otherwise (* = geometric mean, # = arithmetic mean). The reported concentrations are indicated as numbers behind the bars and
are in pg/L unless the reference is labelled “SG” = specific gravity or “Cr.” = Creatinine. ND = not detected. Blank fields = metabolite was not analysed.

6/ 013 209 521 1.54 087 1649 13.62 1549 108 833

Log(Concentration) (ug/L)
& =) [~ 'S

o

[

012 067

$E E#EE#% é

012 129 142 243

-y

0.06 045 04049 01 107

Matrix
& Milk
@ Urine

= \

MBzP
MEHP
MEP
MiBP
MnBP

OH.MIDP

Metabolites

OH.MINCH
OH.MINP
0x0.MIDP|

0x0.MINCH
0x0.MINP

Fig. 3. Metabolite concentrations (ug/L) in urine and maternal milk from lactating primiparous women from Slovenia. Excluded were MCHP, cx-MINCH, cx-MINCH,
OH-MEHP, cx-MEPP, and oxo-MEHP, which were not sufficiently quantified in maternal milk. The geometric means (ug/L) are indicated above the boxplots.

The presence of secondary metabolites in maternal milk is somewhat
surprising, especially considering the low concentrations of some of
them in urine (oxo-MIDP and oxo-MINCH). Secondary metabolites are
formed largely in the liver and only to a small degree in the intestines,
and are more hydrophilic than primary metabolites to facilitate urinary
excretion. Thus, they are expected and confirmed by other studies to be
present, if detectable at all, only at very low levels in maternal milk and
serum (Calafat et al., 2004; Hogberg et al., 2008). At low exposure
levels, such as indicated by the urinary concentrations of oxo-MIDP and
0xo0-MINCH, their detection in maternal milk would generally be un-
likely and not expected to reach as high as 70 % of the urinary con-
centration. While secondary metabolites of PH and DINCH can leach
into the environment from bio-based fertilisers (Estoppey et al., 2024)
and not sufficiently efficient wastewater treatment plants (Kusk et al.,
2011), their environmental concentrations are generally negligible for
contamination considerations. The metabolite levels observed in
maternal milk likely reflect the transfer of PH and DINCH metabolites
from the maternal bloodstream, with potential contributions from
enzymatic activity occurring during sample storage, particularly in the
case of MEHP. Few studies have thoroughly investigated the change in
lipase and esterase activities in human milk in cooled conditions, how-
ever, Berkow et al. (1984) and Wardell et al. (1984) investigated the
effects of cooling, freezing, and heating on enzyme activities in human
maternal milk and reported that esterases and lipases remain fully active

with hydrolysation occurring even at temperatures as low as — 20 °C.
Considering the rapid transformation from DEHP to MEHP in the human
body (approximately 2 h after oral exposure) (Li et al., 2022), it can be
assumed that DEHP hydrolysis to MEHP continues in the milk at a fast
rate and under cooled conditions. MEHP is the most toxic DEHP
metabolite and is associated with increased oxidative stress (Liu et al.,
2023; Wang et al., 2012), neurotoxicity (Liu et al., 2023), decreased
antioxidant capacity (Wang et al., 2012), and endocrine disruption
(Wang et al., 2012; Zhou et al., 2023), among others, and overall toxicity
potency that exceeds that of DEHP by a factor of 10 (Zhou et al., 2023).
The Tolerable Daily Intake value of 0.05 mg/kgbw/d for DEHP is not
reached when assuming mean and high daily intakes of maternal milk of
150 and 217 mL /kgbw/d (concentration in milk (ug/L) x volume of
milk intake (mL/kgbw/d; (Dualde et al., 2020; U.S. EPA, 2011)), how-
ever one sample exceeds the ten times lower threshold in the high-intake
scenario (0.0064 mg/kgbw/d).

Although this study does not directly support exposure assessment,
the results, however, confirm the applicability of the methods in HBM
studies and illustrate the importance of study design, sample handling,
and enzyme deactivation in PH and DINCH monitoring, and provide
insights into the potential intake dose of phthalate metabolites from
stored maternal milk. Thus, we would like to highlight the need to
systematically evaluate the formation of phthalate metabolites during
short-term storage in the fridge and, if necessary, to account for this
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exposure pathway in future health risk assessments for children.

4. Identified research needs and knowledge gaps for the
establishment of maternal milk as an alternative HBM matrix

Maternal milk is unique as a matrix in HBM insofar as it reflects
maternal exposure status and excretion, as well as fetal exposure doses
of different chemicals. Thus, maternal milk monitoring has been
employed for decades, especially for persistent organic pollutants
(Colles et al., 2008). However, the research area suffers from a lack of
standardisation that hampers comparability across studies (LaKind
et al., 2004). Specifically, studies would benefit from the availability of
reference materials and external verification schemes, such as inter-
laboratory comparisons. Additionally, a straightforward standard
operating procedure for milk collection and handling prior to its arrival
at a laboratory is essential to reduce uncertainties related to potential
contamination during milk pumping. Furthermore, the focus of phtha-
late monitoring in maternal milk often lies on the diesters due to their
lipophilicity and increased transfer into maternal milk compared to the
metabolites (Fromme et al., 2011a, 2011b; Hanberg et al., 2005;
Hogberg et al., 2008; Zhu et al., 2006). Independent studies, however,
suggest that primary monoester metabolites can form endogenously in
the milk also under cooled conditions (Berkow et al., 1984; Wardell
etal., 1984). Considering the increasing trend in Europe for both parents
to share parental obligations and for mothers to return to work early, it is
common for the mother to pump maternal milk and store it in the fridge
for later use (Rasmussen et al., 2017). Therefore, 1) more research is
needed on the endogenous formation of monoester metabolites under
different storage conditions, 2) an attention shift from diester exposure
to a mixed exposure to diesters and monoesters may be necessary, 3)
intensified focus is needed on the toxicological profile of metabolites as
exogenous chemicals, and 4) more attention has to be given to the study
design in maternal milk monitoring, as previously highlighted by
(Rasmussen et al., 2017).

5. Conclusions

In this manuscript, we present a fast, sensitive, robust, and stream-
lined analytical method for the determination of phthalate and DINCH
metabolites in human urine and maternal milk. The method was
meticulously validated for sensitivity, accuracy and precision, carry-
over, recovery, matrix effect, and measurement uncertainty, demon-
strating its suitability for human biomonitoring (HBM) applications,
even in laboratories without the online sample preparation setup.
Furthermore, the external validation using standard reference material
and interlaboratory schemes significantly reinforces the reliability of
results derived from urine samples. The application of the method to
paired urine and maternal milk samples revealed valuable insights into
metabolite distribution, emphasising the importance of stringent sample
handling to avoid enzymatic degradation and contamination on one
hand and the extent of endogenous metabolite formation during cooled
storage on the other hand. While the absence of standard reference
materials for maternal milk limits interlaboratory comparability, our
findings highlight the critical need for standardisation in maternal milk
sampling and analysis to support infant exposure assessments.

This validated method contributes meaningfully to advancing HBM
studies by providing an effective tool for monitoring exposure to
endocrine disruptors. Its adaptability for large-scale studies underscores
its potential to inform regulatory policies and public health strategies
aimed at reducing exposure to PHs and DINCH, especially among
vulnerable populations.
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