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Abstract

Owing to their toxicity, phthalate plasticizers are currently being replaced with terephthalates in
many consumer products. Nevertheless, data on human exposure to and toxicity of terephthalates
are still scarce. In this study, we developed a robust analytical method for the measurement of six
terephthalate metabolites (TPhMs) in human urine through their successful separation from
phthalate metabolites (PhMs). Target analytes were identified, using commercially available
standards, and quantified with isotopically labeled internal standards (IS). The limit of
quantification (LOQ) of TPhMs were in the range of 0.12 to 0.4 ng/mL, with the exception of 2.8
ng/mL for terephthalic acid (TPA) and 3.75 ng/mL for mono-(2-ethylhexyl) terephthalate
(mEHTP), which were found in procedural blanks at notable levels. The method developed in this
study showed excellent accuracy (recoveries: 86—117%) and precision (RSD: 0.6-12.2%) for
TPhMs. The method was successfully applied for the analysis of 30 human urine samples
collected from individuals with no known history of occupational exposure. The detection
frequencies (df%) of TPhMs in urine ranged between 26.6 and 100%. This is one of the first
studies that report a method for the analysis of emerging class of environmental chemicals in
human specimens.
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1. Introduction

Terephthalates are esters (alkyl/cycloalkyl/aryl) of benzene-1,4-dicarboxylic acid
(terephthalic acid) that are widely used in polyester plastics. Terephthalates are structural
isomers of phthalates, the most widely used plasticizers in the global market [1, 2]. Due to
their structural and chemical similarities, terephthalates have been widely used in many
consumer products similar to those of phthalates. Among terephthalates, polyethylene
terephthalate (PET) is the most widely used compound, especially in the manufacture of
plastic bottles/containers for packaging beverages, water, and food [3]. Dimethyl
terephthalate (DMTP) is a major methanolysis product of PET [4, 5] and a major starting
material for the synthesis of polyesters [6] and the most commonly used terephthalate
derivative. Global PET production was approximately 46 million tons in 2014, with a
forecast of 81 million tons in 2020 [7]. Di-2-ethylhexyl terephthalate (DEHTP) is a high-
volume production chemical with a global production volume estimated at 50,000 tons in
2007 [8]. DEHTP is used in medical devices, vinyl flooring, bottle caps, toys, electric
connectors, automobile flooring, and glues, among other products [8, 9]. Several regulatory
bodies, such as the U.S. Food and Drug Administration (FDA), Australian National
Industrial Chemicals Notification and Assessment Scheme (NICNA), and European Food
Safety Authority (EFSA), have recommended the need for less-toxic alternatives of
phthalates in consumer products [10]. Terephthalates are thought to be safer alternatives,
and, therefore, the production and usage of these plasticizers are increasing. Terephthalates
undergo metabolic and excretion pathways similar to those of phthalates in the human body
[11].

The major metabolic pathway of DEHTP [1, 12] is like that of its isomeric phthalate, di-2-
ethylhexylphthalate (DEHP) [11, 13] (Fig. S1). Similarly, other terephthalates are
metabolized to their respective monoesters and excreted in urine. Although several studies
have reported phthalate exposures in populations worldwide, little is known about
terephthalate exposures in humans. Development of an analytical method for the
measurement of terephthalate metabolites (TPhMSs) is required for an accurate determination
of human exposure to these chemicals. Although analytical methods have been reported for
the analysis of phthalate metabolites (PhMs) in urine, the lack of authentic analytical
standards hindered the development of methods for TPhMs analysis. Furthermore, there
exists analytical challenges in the accurate determination of TPhMs, which include
background contamination, co-elution, and possible similar mass fragment transitions with
PhMs. A few recent HPLC-MS/MS methods developed for the analysis of TPhMs in human
urine focused only on DEHTP metabolites [1, 8, 12]. In the present study, we developed and
validated an analytical method for the separation and simultaneous analysis of six TPhMs
and seven PhMs in human urine.

2. Materials and Methods

2.1 Chemicals/standards, solvents, and urine samples

The six target TPhMs were mono-(2-ethylhexyl) terephthalate (MEHTP), mono-benzyl
terephthalate (mBzTP), mono-methyl terephthalate (mMMTP), mono-ethyl terephthalate
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(mETP), mono-tert-butyl terephthalate (mTBTP), and terephthalic acid (TPA). The
analytical standards, mBzTP, mMTP, mTBTP, and TPA, were purchased from Toronto
Research Chemicals Inc. (North York, ON, Canada); mETP, from Matrix Scientific
(Columbia, SC, USA); and mEHTP, from Cambridge Isotope Laboratories (Andover, MA,
USA). The corresponding isomeric standards of phthalate metabolites, mEHP, mBzP, mMP,
mBP, mIBP, mEP, and PA, were purchased from Cambridge Isotope Laboratories (Andover,
MA, USA). Isotopically labeled terephthalate standards were not commercially available yet
(except for 13C¢g-mEHTP), and, therefore, we used labeled PhMs as internal standards (1Ss),
except for TPA, for which 2D4-TPA (Sigma-Aldrich, St. Louis, MO, USA) was used. 13C,-
mMP, 13C,-mBP, 13C,-mEP, 13C,-mBzP, 13C4-mEHP, and 13Cg-mEHTP were purchased
from Cambridge Isotope Laboratories (Andover, MA, USA) and 2D4-mIBP was from C/D/N
Isotopes, Inc. (Pointe Claire, QC, Canada).

Formic acid and g-glucuronidase (=100,000 units/mL g-glucuronidase; <7,500 units/mL
sulfatase) from Helix pomatia (Type HP-2) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). HPLC-grade methanol, ethyl acetate (ACS grade), acetic acid, acetonitrile, and
other solvents used in the analysis were purchased from Mallinckrodt Baker (Phillipsburg,
NJ, USA) and HPLC-grade water, from Fisher Scientific (Pittsburgh, PA, USA). We
analyzed archived spot urine samples collected from 30 healthy adult volunteers (15 females
and 15 males) with a mean age of ~ 30 years in Albany, New York, USA, in 2017 to
demonstrate the feasibility of the developed method. The volunteers did not have any known
history of occupational exposure to the target chemicals. The samples were stored at —20°C
until analysis. The study was approved by the Institutional Review Board of the New York
State Department of Health.

2.2 Preparation of standard solutions and mixtures

Analytical standards of mMMTP, mTBTP, mETP, and TPA were dissolved in acetonitrile to
prepare stock solutions at a concentration of 1000 pg/mL. TPA and 2D,-TPA were poorly
soluble in many organic solvents, and these two compounds were first dissolved in 0.5 mL
of dimethyl sulfoxide and then diluted in acetonitrile. mEHTP and 13C4-mEHTP were
purchased (dissolved in MTBE) at a concentration of 1000 pg/mL. The native standard
solutions of 6 TPhMs and 7 PhMs and isotopically labeled ISs of 2 TPhMs and 7 PhMs were
serially diluted with acetonitrile and used in calibration and spiking experiments.

2.3 Sample preparation/extraction

Urine samples and quality assurance/quality control (QA/QC) samples were extracted using
a solid-phase extraction (SPE) method. The extraction protocol was modified from a
previously reported method for PhMs [14]. A total of 250 uL of urine were transferred into a
15-mL polypropylene (PP) tube. The QA/QC samples, including reagent blank, matrix
blank, and matrix spike, and urine samples were spiked with 40 ng each of ISs prior to
extraction. To evaluate the matrix effects and the recovery of target chemicals, we spiked 40
ng each of ISs into a matrix match sample prior to injection (after the SPE step). The
samples were buffered with 250 pL of 1 M ammonium acetate (adjusted to pH 4.5 with
acetic acid), containing 50 units of g-glucuronidase (prepared by spiking 20 pL of g
glucuronidase in 20 mL of 1 M ammonium acetate solution), and incubated at 37° C for 12—
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15 hin an incubator shaker. After enzymatic digestion, the samples were diluted with 1 mL
of phosphate buffer (pH 2; prepared by dissolving 20 g sodium phosphate monobasic
monohydrate in 990 mL of HPLC-grade water and 10 mL of ortho-phosphoric acid).

Solid phase extraction was performed with an ABS Elut-NEXUS (Agilent Technologies,
Inc., Folsom, CA, USA; 60 mg, 3.0 mL) cartridge similar to that reported earlier for PhMs
[14]. The cartridge was conditioned with 1.5 mL of acetonitrile and 1.2 mL of phosphate
buffer. The diluted samples were then loaded onto the SPE cartridge. The cartridge was
washed with 2.0 mL of 0.1 M formic acid and 2.0 mL of HPLC-grade water and dried under
vacuum for approximately 5 min. The target analytes were eluted with 1.5 mL of
acetonitrile, followed by 1.5 mL of ethyl acetate and then 0.5 mL of methanol. The eluate
was collected into a 15-mL PP tube and concentrated to near-dryness under a gentle nitrogen
stream. Finally, the residues were reconstituted with 250 uL of the solvent mixture (20 pL of
acetonitrile: 180 pL of HPLC-grade water: 50 puL of methanol), vortexed, and transferred
into amber glass vials for HPLC-MS/MS analysis.

2.4 HPLC-MS/MS analysis

The chromatographic separation of TPhMs and PhMs was accomplished using an Agilent
1260 Series HPLC system (Agilent Technologies Inc., Santa Clara, CA, USA). Identification
and quantification of TPhMs and PhMs were performed with an ABSCIEX 4500 QTRAP
mass spectrometer (Applied Biosystems, Foster City, CA, USA) under electrospray
ionization (ESI) negative ion mode. Chromatographic separation was achieved using an
Ultra AQ C18 column (100 mm x 2.1 mm, 3 um; Restek, Bellefonte, PA, USA) connected to
a Javelin guard column (Betasil C18, 2.1 mm x 20 mm, 5 ym; Thermo Electron Corp.,
Waltham, MA, USA). The mobile phase comprised of 0.4% (v/v) acetic acid in HPLC-grade
water (A) and 0.4% (v/v) acetic acid in acetonitrile (B). The target compounds were
separated by gradient elution at a mobile phase flow rate of 250 uL/min, starting at 90% A,
held for 1 min, decreased to 70% A within 3 min (41 min), then decreased to 55% A within
2 min (6 min), held for 4 min (10" min), then decreased to 35% A within 2 min (121" min),
held for 3 min (15" min), followed by a decrease to 10% A in 1 min (16! min), held for 4
min (20" min), then increased to 40% A within 2 min (22"4 min), and reverted to 90% A at
the 24 min and held for 4 min (for the column equilibration), with a total run time of 28
min (Table S1).

The mass spectrometric parameters were optimized for all target chemicals by infusing
standard solutions using an in-built syringe pump. Electrospray voltage was set at —4.5kV;
curtain gas flow rate was set at 10 psi; collision gas was set at medium level (8-10 psi); and
source heater was set at 550°C. The nebulizer gas/ion source gas 1 was set at 60 psi, and the
heater gas/ion source gas 2 was set at 45 psi. The injection volume was 5.0 pL with draw
and eject speeds at 200 pL/min. Two mass transitions (a quantifier and a qualifier) were
selected for each analyte. The ionization parameters for each target compound are
summarized in Table 1. The MS/MS was operated in a multiple reaction monitoring (MRM)
mode.
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2.5. Instrumental calibration and QA/QC

Contamination that can arise from laboratory materials and solvents was evaluated by the
analysis of reagent/procedural blanks (RB). Matrix blanks (MB) also were analyzed to
monitor for the matrix effects on the response of target analytes as well as the background
levels (that ranged between 0.04 and 5.2 ng/mL) that affected recoveries from matrix spike
(MS) experiments. Among the target analytes, mMEHTP existed at the highest background
levels (3.6 ng/mL), followed by TPA (1.2 ng/mL). The rest of the target TPhMs had
negligible background levels (0.02-0.15 ng/mL). The background concentrations of target
chemicals found in RB and MB were subtracted from the real urine sample concentrations
and matrix spike experiments, respectively. A calibration standard (midpoint) and methanol
were injected periodically to monitor for drift in instrumental sensitivity and carry-over of
target chemicals between samples, respectively. Linear calibration (1/x weighted regression)
curves were constructed for each analyte at 11 different concentrations (0.1, 0.2, 0.5, 1.0,
2.0, 5.0, 10, 20, 40, 100 and 200 ng/mL) of standards in solvent (water:acetonitrile; 9:1
ratio) as well as in pooled urine (Fig. S2). The regression coefficients (7) of calibration
curves ranged from 0.995 to 0.999.

2.6 Accuracy and precision

Due to the lack of certified reference materials for TPhMs, accuracy and precision of the
analytical method were evaluated by the analysis of urine matrix spiked at four known
concentrations of target chemicals (0.5, 20, 40 and 100 ng/mL). Accuracy or trueness was
evaluated based on the recovery (%) of the target chemicals from the matrix spike
experiments and precision was expressed as percent relative standard deviation (% RSD)
from the true concentration. Both accuracy and precision were assessed by intra-day (n=5)
and inter-day (n=5) measurements. The isotope dilution method was used for quantification.
For mMMTP, mETP, mTBTP and mBzTP, for which no corresponding IS was available, ISs of
the corresponding phthalate isomers were used for quantification.

3 Results and Discussion

3.1 ESI-MS/MS

The ESI-MS/MS spectra of the target analytes are shown in Fig. 1. We selected the two most
abundant product ions as quantifier and qualifier ions (Table 1). The ESI-MS/MS spectra
showed that the preferred fragmentation of target chemicals in negative ionization mode was
the cleavage of alkyl side chain, and, thus, the product ions retained the aromatic ring. It is
noteworthy that all TPhMs produced two common fragments at /7/z 76 and /m/z 120, except
for TPA. These two fragments can be used for precursor ion scan experiments for selective
identification of TPhMs in any given matrix. The overall ionization pattern was unique for
each analyte (Fig. 1). Further, the fragmentation patterns were different from that of the
isomeric phthalate metabolites (PhMs). This enabled selective and positive identification of
TPhMs and PhMs without any bias in the identification of these isomers.
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3.2 Chromatographic separation of target chemicals

The Ultra AQ C18 column enabled complete separation of TPhMs from PhMs (Fig. 2).
Although, all target chemicals were eluted within 22 min, the total run time was maintained
for 28 min to enable equilibration of the LC column, and to reduce the possibility of drift in
retention times. Needle wash was performed between injections with a solvent mixture of
50:50 methanol and water to minimize analyte carryover. The retention and separation of
organic compounds in the reverse-phase C18 column is largely determined by their
differences in polarities [15]. In general, phthalates are more polar than are terephthalates
and, thus, are less strongly retained by the stationary phase of chromatographic column.
Further, the short chain esters of PhMs and TPhMs have lower molecular weights and are
more polar than are the long chain esters [16]. Therefore, the short chain esters of both
PhMs and TPhMs have short retention times (Table 1). In general, TPhMs eluted later than
did their corresponding PhMs isomers (Fig. 2). We did not observe any coelution of TPhMs
and PhMs. In addition to different mass spectrometric fragmentation, chromatographic
separation of TPhMs and PhMs allowed for simultaneous identification and quantification of
both of these classes of compounds in urine samples. The method was more sensitive (~2
times) for TPhMs than for the corresponding PhMs, except for mETP and mEHTP, that they
had a lower instrumental response than those of mEP and mEHP, respectively (Fig. 2).

3.3 Method validation

The method was validated by repeated analysis of urine matrix fortified with native
standards and ISs at four different concentrations and analyzed on different days. We also
included duplicate analysis and procedural reagent blank (RB), matrix blank (MB), and
matrix spike (MS) samples as a measure for QA and QC.

Excellent accuracy and precision were found for all TPhMs fortified in urine at four
different levels (Table 2). The results showed no significant differences between individual
measurements (at four different concentrations) made intra- or inter-day. Accuracy or
recovery (%) for all TPhMs ranged between 86 and 117% and 88 and 112%, respectively,
for intra- and inter-day measurements. Similarly, precision (RSD %) ranged between 1.4 and
12.2% and 0.6 and 12.1%, respectively, for intra- and inter-day measurements. This
confirmed the repeatability of the method to precisely analyze the target compounds.

3.4 Matrix effects

Matrix effect was evaluated by spiking known concentrations of target analytes (a full
calibration range; 0.1-200 ng/mL) in HPLC water (solvent calibration) and pooled urine
(matrix matched calibration). The spiked samples were passed through the entire analytical
procedures and calibration curves were constructed based on the response (peak areas) ratio
of analyte/IS vsspiked concentration (ng/mL). The slopes obtained for spiking experiments
(n=3) in water and pooled urine for all TPhMs are presented in Fig. S2. The regression
coefficients ranged from 0.995 to 0.999 and 0.996 to 0.999 for solvent and matrix matched
calibrations, respectively. The slopes obtained for matrix matched calibrations for all TPhMs
were lower than those of pure solvent-based calibrations, except for mMMTP. These results
suggest that, although 4 of 6 TPhMs did not have corresponding labeled ISs, use of labeled
ISs of isomeric PhMs provided an account for matrix suppression in real urine samples.
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Furthermore, the magnitude of ion-suppression observed for TPhMs can be accounted for by
solvent or matrix matched calibration standards.

3.5 Stability and other critical parameters

We performed sample digestion at 37 °C (optimum temperature for enzyme activity) to
mimic the physiological temperature of 36.8+£0.7 °C. A number of studies that measured
environmental chemicals in urine used similar conditions and temperature for the
measurement of total concentrations (both free and conjugated forms) of contaminants [1,
12, 18]. We also digested samples at 20 °C, but the recoveries of TPhMs were poor. The
stability of analytical standards was examined by storing them (1 ppm mixture) at —20 °C
and 4 °C and periodically measuring the concentrations (for up to 4 weeks). We found that
there was no remarkable degradation of standards at these temperatures. We tested the effect
of enzyme concentrations (25, 50, 100 and 200 units) and found that the recoveries of target
chemicals were optimal at 50 units of enzyme activity. Similarly, pH of ammonium acetate
buffer played a crucial role in efficient extraction of target chemicals. Among the tested
conditions (pH= 4.5, 5.0, 5.5 and 6.0), pH 4.5 was found to yield excellent recoveries of the
target chemicals. Furthermore, addition of methanol as an elution solvent enhanced the
recoveries of target TPhMs, especially for mBzTP. We also observed that preventing samples
from exposure to light (by wrapping with aluminum foil) during digestion overnight,
improved the recoveries (by ~4-6%).

3.6 Limit of detection (LOD) and Limit of quantification (LOQ)

The LODs and LOQs of the target analytes were determined based on the standard deviation
(SD) of five measurements obtained from the analysis of urine spiked at the lowest
concentration. The LOD was calculated as 3 times the SD of the lowest calibrant
concentration divided by the slope of the calibration curve and the LOQ as 10 times the SD
of the lowest calibrant concentration divided by the slope of the calibration curve [17]. The
calculated LOD and LOQ values for TPhMs ranged 0.03-1.25 ng/mL and 0.1-3.75 ng/mL,
respectively (Table 2). The LOQs of mEHTP (3.75 ng/mL) and TPA (2.8 ng/mL) were
higher due to the presence of background levels of contamination, which probably
originated from solvents, tubings and other HPLC components. However, these two TPhMs
can be measured reliably in samples owing to their existence at notable concentrations (as
reported below). Thus, the method is sensitive and suitable for biomonitoring of human
exposure to terephthalates at sub-nanogram per milliliter urinary concentrations.

3.7 Urine sample analysis

Using the developed method, we analyzed 30 spot urine samples collected in 2017 from
adult donors (15 females and 15 males) in Albany, New York, USA, for the target
compounds. Both TPA and mMTP were detected in 100% of the samples. The detection
frequencies of other TPhMs were in the following decreasing order: mEHTP> mETP>
mTBTP=mBzTP (Table 3). Dimethyl terephthalate, the parent compound of mMMTP, is a
starting material in the synthesis of polyesters, such as PET, the most commonly used
terephthalate [19], which supports ubiquitous detection of mMMTP in urine samples.
Similarly, TPA is a common metabolite (non-specific) of several terephthalates, which can
result from exposure to any terephthalate. In fact, all target TPhMs had relatively high

J Chromatogr B Analyt Technol Biomed Life Sci. Author manuscript; available in PMC 2019 August 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nayebare et al.

Page 8

detection rates, reflecting the widespread application of these compounds in consumer
products. Terephthalates are thought to be less toxic [10]. Owing to the toxicity of
phthalates, as reported in several studies [20-23], the application of terephthalates as a
replacement for phthalates in consumer products is projected to increase. Robust analytical
methods are fundamental to the accurate assessment of human exposure to this group of
chemicals. Overall, the average concentrations (mean) of target TPhMs in urine samples
were 249, 5.9, 0.5, <LOQ, 1.8 and 9.5 ng/mL for TPA, mMMTP, mETP, mTBTP, mBzTP, and
mMEHTP, respectively. The corresponding levels of phthalate isomers (PhMs) in urine were
190, 6.6, 64.2, 14.5, 6.8, 4.2 and 2.6 ng/mL for PA, mMP, mEP, mBP, mIBP, mBzP, and
mEHP, respectively. The average urinary concentration of mEHTP was higher than that of
mEHP (9.5 vs. 2.6 ng/mL), and TPA was higher than that of PA (249 vs. 190 ng/mL).
Although the sample size was small, results suggest that terephthalates exposures can be
comparable to or higher than those of phthalate exposures, especially DEHTP. The
concentrations mMTP were comparable to those of mMP (5.9 vs. 6.6 ng/mL), which further
alludes to the ongoing use of terephthalates.

4 Conclusions

We successfully developed an analytical method for extraction and analysis of TPhMs in
human urine. Excellent chromatographic separations and distinct mass spectrometric
fragmentation of TPhMs (from PhMs) as well as great sensitivity with excellent accuracy
and precision were obtained. The method can be used concurrently for the analysis of
phthalate metabolites. TPhMs were found in urine samples at high detection rates and at
concentrations comparable to or higher than those of PhMs. A significant increase in human
exposure to terephthalates is expected with the increasing application of these compounds in
consumer products. Hence, our method will be useful for assessment of human exposure
patterns for terephthalates. Development of labeled internal standards of terephthalate
metabolites will further enhance the quality of biomonitoring results.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. HPLC-MS/MS method was developed for the analysis of six terephthalate
metabolites in human urine.

. Excellent chromatographic separation with greater sensitivity at sub-ppb
concentrations was achieved.

. The method enables concurrent analysis of terephthalate and phthalate
metabolites in urine.
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Mass spectrometric fragmentation of terephthalate metabolites (TPhMs) analyzed in this
study. Quan: Quantifier transition; Qual: Qualifier transition.
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Fig. 2.

Chromatograms of target terephthalate metabolites (TPhMs) and corresponding phthalate
metabolites (PhMs). Blank urine was spiked at 40 ng/mL of native standards (NS) and

internal standards (IS) and extracted.
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