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Abstract

The application and production of alternative plasticizers (APS) has been increasing in the
last decade in replacement of conventional phthalates due to their toxicity. This calls for the
development of non-invasive monitoring approaches to assess human exposure to APs. A
method for the simultaneous measurement of exposure biomarkers of di(2-propylheptyl)
phthalate (DPHP), di(isononyl)cyclohexane-1,2-dicarboxylate (DINCH), di(2-ethylhexyl)
terephthalate (DEHTP) and di-2-ethylhexyl adipate (DEHA) in hair samples was developed
and validated in this study. Prior to the analysis, the hair samples were washed in acetone and
ultrapure water and pulverized to powder. Further, a solid-liquid and solid-phase extraction,
followed by quantification using liquid-chromatography - tandem mass spectrometry
(LC-MS/MS) was performed. The method was validated in terms of recovery, matrix effects,
carry-over, linearity, limits of quantification, within- and between-run precision and trueness.
Satisfying results were obtained for all targeted compounds, except for mono(2-ethylhexyl)
adipate (MEHA), which was monitored only qualitatively. The optimized method was
implemented in a pilot biomonitoring study with hair samples from 9 healthy volunteers.
Detection frequencies of seven metabolites ranged from 11% to 100%. Mono(2-ethylhexyl)
terephthalate (MEHTP) and mono(2-ethyl-5-oxohexyl) adipate (oxo-MEHA) were found in
all hair samples. More hydrophobic monoester metabolites were found to be incorporated in
hair to a greater extent compared to their oxidized counterparts. Obtained results show that the
developed method can detect AP metabolites in hair, supporting the use of this alternative

matrix in human biomonitoring.
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1. Introduction

Plasticizers are the key factor that provides durability, elasticity, and flexibility to
polymeric products [1, 2]. Phthalate esters (PEs), the most widely applied plasticizers, exhibit
a large variety of physicochemical properties and toxicities. PEs can be released into the
environment through volatilization, abrasion, leaching or even direct diffusion from the
surface of polyvinyl chloride plastics (PVC) such as flooring, food containers and toys [3].
PEs have been shown to cause adverse health effects in humans [4-6]. Some conventional PEs
(i.e. butylbenzyl phthalate (BBP), di(2-ethylhexyl) phthalate (DEHP), dibutyl phthalate (DBP)
and diisobutyl phthalate (DIBP)), was banned in EU for childcare products and toys since
2015 and completely banned for consumer products have more than 0.1% content of PEs in
2017 [7, 8]. Alternative plasticizers (APs), which are expected to migrate less and have lower
toxicity compared to PEs [9], were introduced to meet the similar restriction in EU and United
States [10]. Among these, di(2-propylheptyl) phthalate (DPHP), di(isononyl)
cyclohexane-1,2-dicarboxylate (DINCH), di(2-ethylhexyl) terephthalate (DEHTP) and
di-2-ethylhexyl adipate (DEHA), were introduced as replacements for PEs, in particular for
PVC [11-14].

Although a study showed that DINCH and DPHP did not affect testosterone production in
an in vivo experiment using CD-1 cells [15], exposure to these chemicals and their
metabolites could still have adverse health effects in humans. In fact, Eljezi et al. found that
DINCH and its metabolites (i.e., cyclohexane-1,2-dicarboxylic mono isononyl ester
(MINCH)) showed cytotoxicity on L929 cell lines. Similar to mono(2-ethylhexyl)phthalate
(MEHP), the bioactive metabolite of di(2-ethylhexyl)phthalate (DEHP), the metabolization of
APs seems to increase their toxicity [16]. One of the main metabolites of DINCH, i.e.
MINCH was found to be a potent PPAR-a agonist and a metabolic disruptor, capable of
inducing SVF preadipocyte differentiation, which may interfere with the endocrine system in
mammals [17]. An in silico approach using Induced Fit Docking method for DEHTP and
DINCH against human sex hormone-binding globulin (SHBG), found that these APs fit well
into the steroid binding pocket of SHBG, suggesting they might be able to interfere with the
homeostatic function of human steroids [18].

Since primary and secondary metabolites of conventional PEs were already evaluated as
biomarkers of human exposure [19], several studies have determined the human internal
exposure to APs using metabolites. Most human biomonitoring studies use urine as biomatrix
[20-22]. While spot urine samples are easy to collect, the low concentration of target analytes

and the limited time window for which it is representative, are among its main disadvantages



[23, 24]. Hair has been increasingly used as a complementary matrix to urine since it presents
some advantages. Hair is a complex matrix consisting of cylindrical shafts of tightly packed
cells with the cuticle forming an outer protective layer and it is predominantly composed of
Sulphur-rich proteins [25]. The hair follicle is surrounded by capillary blood vessel systems at
the root, which provides material for the hair growth cycle. The latter is composed by the
anagen (active growing), catagen (transition) and telogen (resting) stages. During the anagen
growing phase of the hair shaft, there is an increase in metabolic activity, cell division and
growth. Usually, it is at this stage that chemicals are considered to be incorporated in hair
[26]. Consequently, chemicals found in serum can migrate into hair, making it a suitable
matrix to assess exposure [27]. External contamination may occur through contact with
chemicals in the environment (e.g., air and dust). Hair has been used as a suitable matrix to
assess integrated exposure including both internal and external exposure. As it is also a
noninvasive sampling method, it can be used to monitor exposure in vulnerable populations
such as neonates and thus provide an approach to assess maternal exposure to chemicals.
Furthermore, hair samples reflect both short- and long-term exposure, which is a significant
advantage in human exposure assessment [23, 28]. Polychlorinated biphenyls (PCBs), per-
and polyfluoroalkyl substances (PFASs), organophosphorus flame retardants (PFRS),
conventional phthalates and/or their metabolites have been measured in hair to monitor
human exposure [29-33].

Owning to the utility of hair to monitor human exposure to environmental contaminants
and its advantages when focusing on populations difficult to sample, such as neonates, the
aim of this study was to develop and validate a method to assess human exposure to DPHP,
DINCH, DEHTP and DEHA by measuring their exposure biomarkers in hair samples. To
achieve this, a sample preparation protocol based on solid-liquid extraction and solid phase
extraction (SPE) was developed. Conditions for i) hair denaturation, ii) hair wash, and iii)
solid-liquid extraction process, were optimized during method development. Liquid
chromatography coupled to tandem mass spectrometry (LC-MS/MS) was used to analyze and

guantify target analytes.

2. Materials and Methods
2.1 Chemicals and reagents

The targeted exposure biomarkers of DEHTP, DEHA, DINCH and DPHP are listed in
Table 1. Metabolites of DEHA, DEHTP and isotope labelled standards of OH-MPHP-D,,
Cx-MPHxP-D, and oxo-MPHP-D, were purchased from Synchem (Elk Grove Village, IL,
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USA), DPHP metabolites were obtained from BASF (Ludwigshafen, Germany), while
DINCH metabolites and corresponding isotope labelled standards (i.e., MINCH-D,,
OH-MINCH-D4, Cx-MINCH-D,) were kindly provided by Dr. Koch (IPA Bochum,
Germany).

Stock solutions of both native and isotope labelled internal standards (IS) were prepared
using acetonitrile at 1 pg/mL. Analytical grade formic acid (99-100%), sodium hydroxide
(NaOH) and nitric acid (HNO3) were purchased from Sigma-Aldrich (Bornem, Belgium).
Dichloromethane (for gas chromatography ECD and FID), acetone (for gas chromatography
ECD and FID), methanol (LC-MS grade) and acetonitrile (LC-MS grade) were purchased
from Merck (Merck, Darmstadt, Germany). The phosphate buffer saline (PBS, pH=6, 1 M)
was prepared according to Dulbecco’s method [34] and stored at 4°C before use.

Ultrapure water was obtained from a PURELAB Flex system (p = 18.2 MQ/cm, Elga
Veolia, Tienen, Belgium). Oasis HLB extraction cartridges (3 mL, 60 mg) were purchased
from Waters (Waters, Zellik, Belgium). A Visiprep SPE vacuum station with 24 ports
(Sigma-Aldrich) was used in the SPE steps in this study.

2.2 Hair collection and pretreatment

Hair samples used in this study were collected from adult volunteers (n=9) without
known occupational exposure to the selected APs according to Kucharska et al. [31].
Samples were wrapped in aluminium foil and stored at room temperature in the dark. No
additional circumstantial information was collected for this study. Prior to analysis, hair
samples were washed in both UPW and acetone for 1 min, air-dried and pulverized using a
ball mill (Retsch MM 400, Retsch Benelux, Aartselaar, Belgium) for 5 min at 30 Hz.

2.3 Solid-phase extraction

The following protocol was used for SPE: Oasis HLB cartridges (60 mg/3 mL) were
preconditioned using 3 mL of dichloromethane, methanol and ultrapure water. Samples were
then loaded, sample tubes rinsed twice with ultrapure water and loaded onto the cartridges.
These were then washed with 3 mL of 5% methanol in ultrapure water and vacuum dried for
30 min. The target analytes were then eluted with 6 mL of methanol. The eluate was then
dried under a gentle stream of nitrogen and reconstituted in 100 pL of acetonitrile/ultrapure

water (1:1, v/v) for further analysis.

2.4 Optimized hair extraction process



For each donor, 50 mg of milled hair were weighed in a pre-conditioned glass tube (i.e.,
baked at 300° C and rinsed with ultrapure water and acetone). IS (5 ng) was subsequently
added and the sample was sonicated for 30 min using 2 mL of methanol followed by 2 mL of
PBS. After sonication, samples were centrifuged, and the supernatant transferred to a glass
tube. Methanol extracts were dried under gentle nitrogen flow and re-dissolved using the PBS
extract. The latter was then processed using the detailed SPE protocol. Eluates were finally
reconstituted in 100 uL of acetonitrile/ultrapure water (1:1, v/v) for analysis.

2.5 Instrumental analysis and quantification

Analysis of target metabolites was carried out using an Agilent 1290 Infinity liquid
chromatography system coupled to an Agilent 6460 Triple Quadrupole mass spectrometer
(LC-MS/MS, Agilent, Santa Clara, USA) equipped with an electrospray ionization source in
negative mode (ESI-). Method details are described in the Supporting information. Briefly, the
separation was achieved using a Phenomenex Kinetex Biphenyl column (2.1 x 100 mm, 2.6
pm, Phenomenex, Torrace, USA) using UPW and acetonitrile, both containing 0.05% formic
acid, as mobile phase (Table-S1). The acquisition was carried out in dynamic multiple
reaction monitoring (AIMRM) (Table-S2). Quantification of target metabolites was performed
using 8-point calibration curve ranging from 0.1 ng to 75 ng. The correlation coefficients (R?)
of the calibration curves were all above 0.99. The method can baseline separate the
metabolites of DEHTP (MEHTP and 5-OH-MEHTP) with the metabolites of DEHP (MEHP
and 5-OH-MEHP), which share similar structures, as well as MRM transitions (Figure-S1)
[38]. However, this method is not able to separate the metabolites of diisodecyl phthalate
(DIDP) and DPHP. Thus, the results for DPHP metabolites should be interpreted as the
contribution of DIDP and DPHP in this study [39].

2.6 Method validation

Sample preparation and instrumental analysis were validated following the protocols
established by the European Medicines Agency [40].

Matrix effects were evaluated using a blank matrix spiked with native standards (at 0.4 ng
(8 ng/g) and 60 ng (1200 ng/g)) and IS after extraction. Analyte response in procedural blanks
was subtracted from the response of analytes in the sample extracted after extraction, which
was then compared to the response of analytes in solvent. Samples from four different donors

were used.



Calibration curves were analyzed in triplicates to estimate the correlation coefficients
(R?). Carryovers were assessed by injecting solvent blanks immediately after the analysis of
the highest calibration point.

Within- and between-run precision and trueness of the method were assessed over the
course of three days using hair matrix from a single donor (50 mg) spiked with target analytes
at at 0.4 ng (corresponding to 8 ng/g), 6 ng (120 ng/g) and 60 ng (1200 ng/g) concentrations
and processed as described above (i.e., sequential extraction with methanol and PBS followed
by SPE). On each day, three replicates per spiking level (five for the lowest level on day one),
one blank matrix and one procedural blank were processed. All samples and blanks were
spiked with IS (5 ng, 100ng/g) prior to processing. As blank matrix is not available, trueness
was calculated by subtracting the concentration measured in blank matrix from the
concentration measured in low, mid and high spiked samples. Precision and trueness were
considered satisfactory if results were < 15% or < 20% (for low spikes). Method detection and
quantification limits (MDL and MQL) were determined using blank or low spiked hair
samples giving a signal-to-noise ratio (S/N) of 3 and 10, respectively. Recoveries of the
extraction process were estimated using hair samples spiked with native and mass labelled
reference standards (at low and high concentrations) before and after extraction [41]. Matrix
effects were assessed by comparing the signal of reference standards in samples spiked after
extraction with calibration standards prepared in acetonitrile/ultrapure water (1:1, v/v) [41].
Analyte signals recorded in non-spiked samples (i.e., background) were subtracted from
analyte signals in post-extraction spikes prior to matrix effect calculation.

Hair samples from three different donors were extracted in triplicate, to calculate the
within-run precision using different matrices. These samples were only spiked at mid

concentration.

2.7 Pilot biomonitoring study
To evaluate the applicability of the developed method, hair samples from healthy
volunteers (n=9) were processed and analyzed using the optimized method. The sampled

populations were not expected to be occupationally exposed to the targeted chemicals.

3. Results and Discussion
3.1 Method development
3.1.1 Hair denaturation process



Unlike blood, urine or other conventional biological matrices, biomarkers incorporated in
hair are expected to be stable for months or even longer [42], could be a result to limited
enzymatic activity in the hair segments. Thus, concerns have been raised as to how to release
the target compounds from the hair structure and increase the extraction yields [43]. To
achieve this, denaturation of hair prior to extraction was often proposed. Most commonly,
strong acids or bases have been used [36, 37, 44, 45]. Because in acidic or basic conditions
both parent APs and their metabolites are likely hydrolyzed to monoesters or further oxidized,
strong acids and bases were not considered here. Therefore, digestion experiments were
carried out using diluted acid (10% HNO3) and base (0.05 M of NaOH). The stability of target
metabolites during denaturation was tested by spiking native and IS in 2 mL of the diluted
acid/base, adjusting to pH 6 using PBS and extracting them using the described SPE protocol.
Recovery relative to native compounds spiked in PBS and extracted using SPE was used to
assess the stability of the target analytes. Results showed that both acid and base denaturation
substantially decrease the recovery of AP metabolites. The recovery for target analytes
decreased with acid (by 11%-45%) and basic (by 11%-85%) denaturation (Figure S2). Based
on these results it was decided to avoid denaturating hair samples prior to extraction to avoid

degrading the target analytes.

3.1.2 Washing procedure

Although it is difficult to find an ideal procedure which removes only external
contamination without affecting compounds embedded in the hair [31], removal of external
(environmental) contamination is still necessary to obtain more reliable information about the
integral exposure [35].

In our study, a mild washing procedure was adopted based on a method developed by
Cappelle et al [46]. for the extraction and analysis of illicit drug metabolites in hair. Hair
samples (i.e., approximately 2 g) were washed in ultrapure water and acetone, both for 1 min,
and then air-dried.

The washing solutions (50 mL for each solution) were tested for potential removal of
target analytes from the processed samples. Ultrapure water was extracted using the described
SPE protocol, while acetone was dried under a gentle flow of nitrogen and reconstituted in
acetonitrile/ultrapure water (1:1, v/v). Three monoester metabolites were found in the washing
solution. MEHA (0.7 ng) and MEHTP (0.25 ng) were observed in the acetone, whilst MINCH
(0.6 ng) was found after washing hair with ultrapure water. Monoester metabolites measured

in washing solutions were also found in procedural blanks. In both cases, however, measured



concentrations were low, considering that approximately 2 g of hair were washed, thus analyte

losses due to washing were considered negligible.

3.1.3 Selection of solid-liquid extraction solvents

The selection of the solid-liquid extraction solvents needs to take into account the
different polarity of the considered analytes. For instance, hydroxy- and carboxy-metabolites
are expected to be more hydrophilic compared to hydrolysis metabolites. In particular, three
organic solvents, namely methanol, acetone and acetonitrile and two water-based solvents,
ultrapure water and PBS (1 M, pH 6) were chosen. Spiked hair samples from a single donor
were sonicated for 1 h in one of the selected solvents and then centrifuged at 2500 g for 10
min. The supernatants were collected, evaporated and analyzed to assess the extraction yields.
Results indicate that none of the solvents was suitable for extraction from the hair as most
recoveries were below 80% (Figure 1A). For MEHA, OH-MEHA, oxo-MPHP, and MINCH,
best results were obtained with methanol, while between ultrapure water and PBS, the latter
showed higher recovery except for oxo-MEHA, Cx-MINCH, Cx-MPHXxP and oxo-MPHP.

These variable results could be linked to the wide range of metabolites which are being
considered in this study, which cannot be efficiently leached from hair using a single solvent.
Consequently, as sequential extraction was considered as a possible alternative to increase
solid-liquid extraction yield, it was decided to evaluate it using both an organic solvent and an
aqueous solution [47, 48]. Based on the obtained results, a sequential solid-liquid extraction
process using methanol followed by PBS and vice-versa was investigated. Supernatants were
collected from each step. The methanol extract was evaporated using a gentle flow of
nitrogen, re-dissolved using the PBS extract and then processed using the described SPE
protocol (Figure 1B). Recoveries using PBS followed by methanol were lower, likely due to
the precipitation of residual salts from the buffer after Methanol addition. On the other hand,
the solid-liquid extraction process using first methanol followed by PBS provided better
results, also compared to the solid-liquid extraction process using individual solvents, and was

thus selected for the optimized procedure.

3.1.4 Time for solid-liquid extraction process

The time for solid-liquid extraction was optimized for the sequential solid-liquid
extraction process (i.e., methanol and PBS) by processing spiked hair samples for 30, 60, and
120 min for each step. Results were shown in Table S3. The optimal solid-liquid extraction

time was chosen based on the average recovery, calculated as the ratio of the peak area of



target analytes in samples spiked before and after solid-liquid extraction process. A
solid-liquid extraction time of 30 min for both methanol and PBS provided the best

compromise in terms of duration and recovery.

3.2 Recovery and matrix effect of the optimized method

As blank hair samples are not available, samples from four different donors were used to
evaluate the recovery of the whole procedure. The latter was calculated by comparing the
peak areas of native standards spike before and after the extraction in hair from different
donors.

The average overall recovery (i.e., solid-liquid extraction followed by SPE) ranged
between 78 to 113% (Figure S3), with RSDs < 15% for all compounds.

Matrix effects were evaluated using a blank matrix spiked with native (at 0.4 ng(8 ng/g)
and 60ng (1200 ng/g)) and IS after extraction. Analyte response in procedural blanks was
subtracted from the response of analytes in the sample extracted after extraction, which was
then compared to the response of analytes in neat solvent. Sample from four different donors
were used. Matrix effects ranged from -9% to -94%, with RSDs below 15% for all
compounds (Figure S4). As it was pointed out by many researches, proper clean-up process is
critical in the method development process as matrix effects from complex biological
matrices may have strong impact on the accuracy and the precision [49, 50]. In our method,
all analytes presented signal suppression in the instrumental analysis, which could lower the
instrumental sensitivity and thus lead to higher limit of quantification. Except for MEHTP,
which had the lowest matrix effect (9%), the secondary metabolites for APs showed lower
matrix effect than the corresponding monoesters. For DPHP metabolites, the matrix effects
ranged from -86% to -93%, thus leading to higher limit of detection and lower detection
frequency in real sample analysis.

The use of isotope-labelled internal standards is essential to the quantification process
[51], however, it was not available for all target chemicals. Best matched isotope-labelled
internal standards for quantification were chosen based on the bias of trueness in standard
spiked matrix samples based on the quantification, and further used in the quantification
(Table S2).

3.3 Method validation
Calibration curves were prepared using a mixture of native standards ranging from 0.1 ng
to 75 ng (IS concentration of 5 ng in all calibrators). Calibration curves were computed using
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second degree polynomials with a weight factor of 1/x. Correlation coefficients (R%) were all
> 0.99 (Table 2). Instrumental limits of detection (LOD;) and quantitation (LOQ;) were
estimated from standards giving a signal-to-noise ratio of 3 and 10, respectively. The LOD;
and LOQ; varied from 9 to 153 pg/mL and 29 and 510 pg/mL, respectively.

Procedural blanks revealed the presence of MEHTP at concentrations ranging from 0.8 to
1.1 ng/g. Therefore, the LOQ,, was calculated using the average value of the procedural
blanks (n=6) plus three times of the standard deviation of low spike (n=7) [52].

Solvent blanks were injected right after the highest concentration of calibration curve to
assess carry-overs. For MINCH, OH-MINCH and OH-MPHP, carry-over was detected, which
was < 20% of the LOQ, for all analytes. As those metabolites were not detected in solvent
blank injections, carry-over was observed for the AP metabolites which were harder to elute
from the LC column and at the highest concentrations.

The precision of the method was evaluated using hair samples spiked at three
concentration levels, as described in Section 2.6, and results are indicated in Table 3. For low
spike (0.4 ng, 8 ng/g), the within- and between-run precision was lower than 20 %, and for
mid (6 ng, 120 ng/g) and high spike (60 ng, 1200 ng/g), the precision was lower than 15 %
among three days for most target compounds, except for OH-MEHA (22 %), oxo-MEHA
(23.5 %), and 5-OH-MEHTP (17.1 %). The inter-individual variation in precision of the
method was also assessed using hair samples from three additional donors. The results
showed that, except for OH-MEHA (40.4% and 51.6%), oxo-MEHA (28.7%) and oxo-MPHP
(25.7%), the precision across different donors was acceptable (<15%). The high variation
observed for OH-MEHA, oxo-MEHA and oxo-MPHP in both between-run precision and
inter-individual variation could be linked to the lack of corresponding isotope-labelled
internal standards for these analytes [53].

Because blank hair samples are not available, the trueness of the method was evaluated
using spiked hair samples. Low, mid and high concentrations of target analytes were directly
spiked into hair samples from one donor. The nominal concentration was defined as the sum
of the background and spiked concentrations. Results were shown in Table 2. The trueness for
individual metabolites was acceptable for all concentration levels except for MEHA and its
oxidized metabolites. For oxo-MEHA and OH-MEHA, lower between-run accuracies were
obtained for low and high spiking levels. Based on the results obtained during method
validation as MEHA could not achieve a good trueness for all concentration levels, it was

decided not to report any quantitative result for MEHA but only qualitative information.
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Overall, the results obtained during method validation indicate that the protocol is
adapted for the analysis of targeted AP biomarkers, except for MEHA, which did not provide
satisfactory results. Nevertheless, one limitation of the used approach needs to be highlighted.
Namely, validation samples were prepared by spiking liquid native and IS onto a solid matrix
since reference fortified hair samples are not available and there is no consensus in the

literature regarding how these should be prepared in-house [29, 54-57].

3.5 Pilot biomonitoring study

The validated method was implemented to measure analyte concentrations in hair
samples from nine different healthy volunteers and results were reported in Table 4. MEHTP
and oxo-MEHA were detected in all samples, with average concentrations of 50 ng/g (IQR:
8.5 - 106 ng/g) and 5.4 ng/g (IQR: 3.9 - 18 ng/qg), respectively. MINCH and OH-MINCH were
detected in most samples, with a detection frequency of 78% and 67%, respectively, yet
concentrations were low (i.e., IQR 1.3-3.4 ng/g and 0.3-3.1 ng/g, respectively). Although
MEHA could not be quantified accurately, it could be detected in all samples.

Particularly high concentrations of DEHTP and DEHA metabolites were measured in one
sample (i.e., 211 ng/g for MEHTP, 2.2 ng/g for 5-OH-MEHTP, 16 ng/g for OH-MEHA and
582 ng/g for oxo-MEHA). The obtained results indicate that 5-OH-MEHTP, OH-MEHA,
oxo-MEHA, and OH-MINCH were detected only in samples in which also the corresponding
monoester (i.e., MEHTP, MEHA and MINCH) was present. OH-MPHP was detected only in
one sample at a concentration of 1.5 ng/g (Figure 2), however, results for OH-MPHP should
be interpreted as the contribution of OH-MPHP and OH-MIDP since their metabolites are
isomers and cannot be separated with the current method. Detecting less polar compounds at a
higher frequency compared to more hydrophilic oxidized metabolites is in agreement with
findings from forensic hair analysis. In fact, cocaine was found to be incorporated to a higher
extent compared to its more hydrophilic metabolite benzoylecgonine [58]. This might indicate
that hair is a better reservoir for more hydrophobic metabolites.

To the best of our knowledge, this is the first study that tackles the measurement of
metabolites of APs in hair samples. In the literature, only a limited number of studies have
investigated the occurrence of targeted analytes in this study in biological matrices (i.e., urine,
pooled urine and nails), though there were some studies about the analysis of phthalate esters
[19, 52, 59, 60]. For the metabolites of DEHTP, both 5-OH-MEHTP and Cx-MEHTP were
found in urine from pregnant women in Israel, with median concentrations of 1.3 ng/mL and
7.7 ng/mL, respectively [61]. 5-OH-MEHTP and MEHTP were also found in a screening
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study using high-resolution mass spectrometry in nails with a detection frequency of 22% and
8%, respectively [62]. Metabolites of DEHA were detected in less than 20% of urine samples
(n=144) from adults from the US, with concentrations ranging from <LOD to 23.9 ng/mL for
OH-MEHA and <LOD to 10.4 ng/mL of oxo-MEHA [21].

The metabolites of DPHP had low detection frequencies and low concentrations

measured in the hair samples. Urinary concentrations ranging from <LOD to 0.64 ng/mL
(detection frequency 3.3%) for OH-MPHP and <LOD to 0.96 ng/mL (detection frequency
21.7%) for oxo-MPHP in urine samples from German environmental specimen bank from
2009 and 2012 [22]. However, current LC-MS/MS methods, including the one described here,
are not able to separate DPHP metabolites from those of DIDP [63]. MINCH, the hydrolyzed
monoester of DINCH, was found in pooled urine samples from Australia with a mean
concentration of 3.9 ng/mL (range: 1.8-16.2 ng/mL) [64]. In 208 urine samples from children
in daycare centers in Germany, further oxidized metabolites OH-MINCH, Cx-MINCH and
oxo-MINCH were measured with high frequency (100%, 100% and 99%, respectively) than
MINCH (22.6%), with a median concentration of 1.66, 1.14, 1.54 and <0.1 ng/mL,
respectively [20]. A biomonitoring study from a Norwegian population showed similar result,
in spot urine, further oxidized metabolites had detection frequency higher than 54% while in
nail samples, which have similar contents compare to hair, frequencies around 20% [24].
However, in our study, none of the carboxy-metabolites (namely Cx-MINCH, and
Cx-MPHXxP) was found in hair samples. Concentrations of DINP metabolites (i.e., MINP,
oxo-MINP and OH-MINP) in urine have been reported to increase less after administration
compared to hair samples [65]. For DINP metabolites, it was found that concentrations of
some metabolites saturate earlier compared to hair. MPHP [66] was also found to be a major
metabolite in blood, but a minor one in urine.

In urine samples, further oxidized metabolites (i.e., OH-, Cx-, and oxo-) were more
frequently detected compared to their corresponding monoesters, which are more
hydrophobic. On the other hand, similar to blood, hair contains more monoesters compared to
urine, thus making it a potentially more appropriate matrix for long term monitoring of

exposure to plasticizers.

4. Conclusions

In this study, a method to assess human exposure to alternative plasticizers through the
analysis of hair samples was developed and optimized. The method was based on a
solid-liquid extraction using methanol and phosphate buffer saline, to enhance the recovery of
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target biomarkers, followed by solid-phase extraction. Hair was chosen as an alternative
non-invasive matrix to assess integrated exposure, which could reflect both short- and
long-term exposure to alternative plasticizers. It is both easy to collect and store, and analytes
are supposedly more stable compared to other matrices such as urine and serum. The result of
our pilot biomonitoring experiment suggests that more hydrophobic monoester metabolites
tend to be incorporated to a greater extent compared to their more hydrophilic oxidized
counterparts. This could indicate the hair is a better reservoir for more hydrophobic
metabolites. Results obtained here illustrate that hair is a viable complementary matrix to
monitor human exposure to alternative plasticizers. Its use could prove to be highly useful
when investigating exposure in vulnerable or hard to sample populations, such as neonates

and toddlers.
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Table 1: List of parent and metabolites of AP (biomarkers) in this study. Only metabolites
were measured in the context of this study.

Parent Metabolite (Biomarkers) Abbreviation
di(2-ethylhexyl) mono(2-ethylhexyl) terephthalate MEHTP
terephthalate mono(2-ethyl-5-hydroxyhexyl)
(DEHTP) terephthalate 5-OH-MEHTP
. . mono(2-ethylhexyl) adipate MEHA
?[I)IiHeZ])y Ihexyl adipate mono(2-ethyl-5-oxohexyl) adipate oxo-MEHA
mono(2-ethyl-5-hydroxyhexyl) adipate  OH-MEHA
;:;;crllg:z/:(zzteérl,z-d|carboxyl|c mono MINCH
di(isononyl)cyclohexane-1,2- . .
dicarboxylate cyclohe>fane 1,2-dicarboxylic mono OH-MINCH
hydroxyisononyl ester
(DINCH) cyclohexane-1,2-dicarboxylic mono
yelonexane-, y Cx-MINCH
carboxyisooctyl ester
I;nhotﬂzl(jt-epropyl-6-hydroxyhepty|) OH-MPHP
di(2-propylheptyl) phthalate
(DPHP) mono(2-propyl-6-carboxyhexyl) Cx-MPHXP
phthalate
mono(2-propyl-6-oxoheptyl) phthalate oxo-MPHP
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Table 2: Correlation coefficients (R?), the instrumental and method limits of detection and
quantitation (LOD and LOQ), and carryover in the validation.

) LOD; LOQ; LODn, LOQm
Analytes Carry-over
(pg/mL)  (pg/mL)  (ng/g)  (ng/g)
MEHTP 0.991 127 423 4.8 6.5 0%
5-OH-MEHTP 0.994 68 228 0.3 0.9 0%
OH-MEHA 0.993 153 510 0.4 1.3 0%
oxo-MEHA 0.992 133 442 0.9 2.6 0%
MINCH 0.997 14 47 0.1 0.2 6.7%
OH-MINCH 0.991 9.0 29 0.1 0.2 3.4%
Cx-MINCH 0.994 48 160 0.3 1.0 0%
OH-MPHP 0.995 74 247 0.5 15 11%
Cx-MPHxP 0.991 59 198 0.4 1.2 0%
o0xo-MPHP 0.997 67 223 0.5 1.3 0%
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Table 3: Within-run and between-run trueness and precision. RSD% = relative standard
deviation. a) For within- and between-run trueness and precision, hair samples of one donor
were spiked at three concentration levels were used. b) Hair samples from three different
donors (120 ng/g) were extracted in triplicate, to calculate the within-run precision using
different matrices.

Hair Matrix
Spiking *Trueness Precision V\./i'thin-run precision for
Compound levels (ng/g) (%) (RSD %) additional donogs (n=3, RSD
Within-Between- Within- Between- %)

run run run run
8 90.9 976 9.8 15.8

MEHTP 120 90.1 941 6.6 9.9 5.9 1.2 35
1200 95.1 97.0 3.7 6.7
8 89.2 88.0 12.1 13.7

5-OH-MEHTP 120 840 873 9.2 17.1 9.6 5.7 2.7
1200 88.0 88.7 6.3 9.7
8 809 811 12.2 18.7

MEHA 120 614  61.3 7.7 12.7 9.0 3.3 10.2
1200 39.6 39.6 12.6 15.0
8 814 810 13.3 11.8

OH-MEHA 120 904  46.0 8.4 22.0 40.4 4.3 51.6
1200 88.7  90.7 4.1 9.5
8 821 717 12.7 17.5

oxo-MEHA 120 874 622 11.5 23.5 13.1 2.0 28.7
1200 919 9338 4.6 10.8
8 915 999 7.6 16.2

MINCH 120 87.1 871 6.3 6.5 14.8 54 5.8
1200 96.9  96.7 6.0 3.7
8 885 942 18.5 15.9

OH-MINCH 120 89.3  89.3 7.5 11.1 13.0 4.1 12.4
1200 87.7  87.7 9.4 12.9
8 852 875 12.7 16.3

Cx-MINCH 120 86.7 895 16.4 14.4 1.6 13.6 13.6
1200 922 87.2 11.8 9.0
8 99.6 9338 12.1 18.5

OH-MPHP 120 86.4  90.8 3.3 14.5 13.4 13.3 25.7
1200 884  88.2 6.6 6.6
8 922 99.0 6.5 11.9

Cx-MPHxP 120 96.1 95.1 3.5 9.1 1.6 5.1 6.0
1200 90.2 89.6 6.1 12.2
8 96.2 99.6 10.7 10.5

0xo-MPHP 120 99.3 999 2.9 2.8 5.6 5.7 12.1
1200 91.8 91.3 8.2 7.2
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Table 4: Results (in ng/g) from the analysis of hair samples from healthy volunteers (n = 9).
Results for OH-MPHP should be interpreted as the contribution of OH-MPHP and OH-MIDP
since their metabolites are isomers and cannot be separated with the current method. >LOD,:
number of samples higher than LOQn,; N.A.: not available; N.D.: not detected

Detection 25" Median 75"
Analytes >LOQn,  frequency  percentile (ngla) percentile

(%) (ng/g) (ng/g)

MEHTP 9 (100%) 8.5 50 106
5-OH-MEHTP 2 (22%) 2.2 2.7 N.A.

MEHA 9" (100%) - - -

OH-MEHA 2 (22%) 15 8.6 N.A.

oxo-MEHA 9 (100%) 3.9 5.3 18

MINCH 7 (78%) 1.3 2.9 3.4

OH-MINCH 6 (67%) 0.3 0.6 3.1
Cx-MINCH 0 (0%) N.D. N.D. N.D.
OH-MPHP 1 (11%) 15 N.A. N.A.
Cx-MPHXxP 0 (0%) N.D. N.D. N.D.
oxo-MPHP 0 (0%) N.D. N.D. N.D.

* cannot be quantified in this study, all 9 samples have peaks with S/N>10.
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Figure 1. A) Extraction recovery with a single solvent (for 1 h) (n=6). B) Recovery for
sequential extraction using methanol and PBS (for 30 min, 30 min).
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Figure 2: Analyte concentrations (in ng/g) measured in the pilot biomonitoring study (n = 9).
Results for OH-MPHP should be interpreted as the contribution of OH-MPHP, OH-MINP and
OH-MIDP since their metabolites are isomers and cannot be separated with the current

method. The Y-axis is logo transformed.
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Highlights

A method for the analysis in hair of exposure biomarkers to alternative plasticizers
was developed

The newly developed analytical method was successfully applied to human hair.
Oxidative metabolites were incorporated less into the hair than monoesters.

Patterns of plasticizer metabolites were different in hair compared to urine

Hair can be used to assess short- and long-term exposure
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