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Abstract

Biological monitoring of occupational exposure to 1,6-hexamethylene diisocyanate (HDI)-
containing spraypaints is limited to analysis of metabolites of HDI monomer although polymeric
HDI isocyanurate constitutes the predominant inhalation and skin exposure for workers in the
automotive paint industry. A novel method using nanoflow ultra-performance liquid
chromatography coupled to nano-electrospray ionization tandem mass spectrometry (nano-UPLC-
ESI-MS/MS) was developed to quantify trisaminohexyl isocyanurate (TAHI), a hydrolysis product
of HDI isocyanurate, in the urine of spray-painters. Analytical and internal standards were
synthesized in-house and weighted linear regression calibration curves were generated using
spiked control urine from non-exposed persons (0.06-7.98 ug/L; N'= 13; w= x2; r=0.998).
Urine samples collected from 15 exposed workers (/= 111) were subjected to acid hydrolysis and
extracted with dichloromethane, then derivatized with acetic anhydride. The derivatized product,
trisacetamidohexyl isocyanurate (TAAHI), was analyzed using nano-UPLC-ESI-MS/MS. The
protocol was sensitive and specific for analysis of TAHI in the urine of exposed workers with a
method detection limit at 0.03 pg/L. TAHI was detected in 33 of 111 urine samples and in 11 of 15
workers. This biomarker for HDI isocyanurate is critical to determine the relative potency and
dose-relationships between the monomer and oligomer exposure on the development of
diisocyanate induced health effects in future studies.
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1. Introduction

Aromatic and aliphatic isocyanates are highly reactive, low-molecular-weight compounds
included in the 187 hazardous air pollutants of the Clean Air Act Amendments of 1990 [1].
They are used in the manufacturing of many common products containing polyurethane such
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as adhesives, spray paints, foams, insulation, resins, sealants, and surface coatings [2,3]. One
of the most commonly used isocyanates is 1,6-hexamethylene diisocyanate (HDI),
comprised of the monomer and oligomersl (Fig. 1) [4]. Occupational exposure occurs
during industrial production or during spray-painting operations such as auto-body
refinishing or application of marine coatings [2]. Exposures in the general population can
occur from contact with isocyanate-containing consumer goods, from slow-curing
isocyanate coatings or materials used in housing construction, in outdoor areas near
industrial sites where isocyanates are used in manufacturing, or in neighborhoods
surrounding auto-refinishing businesses [5-11]. Exposures to aerosols and vapors of HDI
monomer and oligomers, including HDI isocyanurate, are associated with a high risk of
contact dermatitis and asthma [12-16]. Acute exposure can cause shortness of breath,
rhinitis, irritation of the skin, eyes, and mucous membranes, and pulmonary edema
[8,9,14,17].

Significant levels of inhalation and skin exposure to HDI monomer and its oligomers have
been reported in spray-painters [18-22]. The predominant inhalation and skin exposure in
automotive spray-painting is to HDI isocyanurate [20-22], but the relative contributions of
exposure to the HDI monomer and isocyanurate in the etiology of immune sensitization and
disease is currently unknown. The skin sensitization capacity of HDI isocyanurate has been
indicated to be greater than the HDI monomer and HDI biuret in both humans and animals
[16,23], and occupational asthma has been linked to HDI oligomer exposure without an
immune response to the monomer [24]. Furthermore, it has been shown that HDI
isocyanurate also penetrates skin at much faster rates (approximately 350 to 500 times) than
HDI monomer [25]. Biological monitoring to estimate the systemic doses of HDI monomer
and oligomers through exposure has been limited primarily to 1,6-diaminohexane (HDA),
the hydrolysis product of HDI monomer, in urine and blood [18,19,26—31]. However, it has
been shown that measured biomarker levels of HDI monomer exposure do not correlate with
HDI oligomer exposure [32]. Until now a method has not existed to detect biomarkers of
HDI isocyanurate exposure in urine or blood. Therefore, to investigate the relationship
between external exposure, exposure routes, and biomarker levels, it is imperative that a
biomarker for HDI isocyanurate exposure be established. This biomarker assay is also
critical for investigation of relative potency and dose—response relationships of HDI
monomer and oligomer exposures, to establish causality for associated health effects from
monomer and/or oligomer exposures, and thus, to improve exposure and risk assessment for
isocyanates. Towards this end, our goals were to: (i) design an extraction and derivatization
protocol and liquid chromatography-mass spectrometry (LC-MS) method for analysis of
trisaminohexyl isocyanurate (TAHI), a hydrolysis product and novel urine biomarker of HDI
isocyanurate, and (ii) apply this method to quantify TAHI in urine collected from workers
exposed to HDI isocyanurate during automotive spray-painting operations.

lOligomers of isocyanates, which are indicated with different terms (prepolymers, polyisocyanates, adducts) in the literature, will be
referred to as oligomers in this article.
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2. Experimental

2.1. Instrumentation

Proton nuclear magnetic resonance (*H NMR) spectra and carbon-13 nuclear magnetic
resonance (13C NMR) spectra were acquired on a Varian INOVA 400 (Palo Alto, CA) at 400
MH?z for 'H NMR spectra and 100 MHz for 13C NMR spectra. Mass spectra were acquired
on a TSQ Quantum Ultra triple-quadrupole mass spectrometer with an electrospray
ionization (ESI) source (Thermo Scientific, Waltham, MA) coupled to an Acquity ultra-
performance liquid chromatography (UPLC) system (UPLC-ESI-MS/MS) (Waters Corp.,
Milford, MA), and a TSQ Quantum Ultra triple-quadrupole mass spectrometer with a nano-
electrospray ionization source coupled to a NanoAcquity UPLC system (nano-UPLC-ESI-
MS/MS) (Waters Corp.).

2.2. Synthesis of standards

The analytical standards required for sample processing and quantitative analysis were not
available commercially; therefore, they were synthesized in-house. The synthesis and
purification was a labor-intensive process and yielded limited quantities of the following
four standards: 1,3,5-tris(6-aminohexyl)-1,3,5-triazinane-2,4,6-trione (trisaminohexyl
isocyanurate; TAHI), N,V ,N”-((2,4,6- trioxo-1,3,5-triazinane-1,3,5-triyl)tris(hexane-6,1-
diyl))triacetamide (trisacetamidohexyl isocyanurate; TAAHI), 1,3,5-tris(7-
aminoheptyl)-1,3,5-triazinane-2,4,6-trione (trisaminoheptyl isocyanurate; TAHpl), and N,V
", N"-((2,4,6-trioxo-1,3,5-triazinane-1,3,5-triyl)tris (heptane-7,1-diyl))triacetamide
(trisacetamidoheptyl isocyanurate; TAAHpI). The chemical structures are shown in Fig. 2.
Composition and purity of the four standards were confirmed by NMR and LC-MS/MS in-
house (see below).

2.2.1. Trisaminohexyl isocyanurate (MW = 426.3 g/mol; Fig. 2A)—Commercially
available Desmodur® N 3300 (Bayer Material Science, Pittsburgh, PA) was mixed with
concentrated HCI and refluxed for 30 min, during which time the initially heterogeneous
mixture became homogeneous. The solvent was removed under vacuum to afford a
trichloride salt. 1H NMR: (400 MHz, D,0) 1.51-1.60 (12H), 1.73-1.85 (12H), 3.14 (t, J=
7.2 Hz, 6H), 3.98 (t, /= 7.2 Hz, 6H) ppm (Fig. S1). Fragmentation spectra of precursor ion
[M + H]* for TAHI (m/z427.3) were obtained by nano-UPLC-ESI-MS/MS at collision
energies 25 eV (Fig. S2) and 35 eV (Fig. S3).

2.2.2. Trisacetamidohexyl isocyanurate (MW = 552.4 g/mol; Fig. 2B)—TAHI
trichloride was mixed with triethylamine in tetrahydrofuran and excess acetic anhydride was
added and the mixture stirred overnight. Tetrahydrofuran was removed under vacuum and
the residue partitioned between water and dichloromethane. The organic extract was washed
with brine, dried over Na,SQOy, and concentrated. Pure product was isolated by
chromatography (silicon dioxide, dichloromethane/methanol, 20:1). 1H NMR: (400 MHz,
CDCl3) 1.33-1.35 (12H), 1.45-1.48 (6H), 1.60-1.65 (6H), 1.96 (s, 9H), 3.20 (g, /= 6.4 Hz,
6H), 3.86 (t, J= 7.6 Hz, 6H) (Fig. S4). 13C NMR: (100 MHz, CDCl3) 170.1, 149.0, 42.7,
39.3,29.3, 27.6, 26.2, 26.1, 23.2 ppm (Fig. S5). Fragmentation spectra of precursor ion [M +
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H]* for TAAHI (/m/2553.3) were obtained by direct injection ESI-MS/MS at collision
energies 25 eV (Fig. 3A) and 50 eV (Fig. 3B).

2.2.3. 7,7°,7”-(2,4,6-Trioxo-1,3,5-triazinane-1,3,5-triyl)triheptanenitrile—To a
mixture of potassium isocyanate (492 mg, 6 mmol) in dimethylformamide (1 mL), 7-
bromoheptanenitrile (550 mg, 4 mmol) was added dropwise at 125 °C. After heating for 2 h
followed by cooling to room temperature, the mixture was partitioned between water and
ethyl acetate and the organic layer was separated and washed with 0.3 N HCI, dried over
Na,SO4 and distilled under vacuum to remove solvent. The residue was then purified by
column chromatography (silicon dioxide, dichloromethane/methanol, 20:1) to afford the
product. 'H NMR: (400 MHz, CDCl3) 1.35-1.39 (6 H), 1.47-1.50 (6 H), 1.62-1.68 (m, 12
H), 2.33 (t, J= 7.0 Hz, 6H), 3.86 (t, J= 7.8 Hz, 6H) ppm (Fig. $6). 13C NMR, (100 MHz,
CDCly), 149.1, 119.8, 43.0, 28.4, 27.7, 26.1, 25.4, 17.3 ppm (Fig. S7).

2.2.4. Trisaminoheptyl isocyanurate (MW = 468.4 g/mol; Fig. 2C)—
7,7",7”-(2,4,6-Trioxo-1,3,5-triazinane-1,3,5-triyl)trineptanenitrile was hydrogenated (60
PSI) in the presence of platinum dioxide in methanol and concentrated HCI overnight, the
reaction was filtered and distilled under vacuum to remove methanol. The residue was
portioned between water and diethyl ether and the aqueous layer was washed further with
ether and then lyophilized to afford a trichloride salt. I1H NMR: (400 MHz, D,0) 1.40-1.50
(18H), 1.67-1.73 (12H), 2.85 (t, /= 7.2 Hz, 6H), 3.97 (t, /= 7.2 Hz, 6H) ppm (Fig. S8).
Fragmentation spectra of precursor ion [M + H]* for TAHpI (/7/2469.3) were obtained by
nano-UPLC-ESI-MS/MS at collision energies 25 eV (Fig. S9) and 35 eV (Fig. S10).

2.2.5. Trisacetamidoheptyl isocyanurate (MW = 594.4 g/mol; Fig. 2D)—TAHplI
trichloride was acetylated with A,V -dicyclohex-ylcarbodiimide and acetic acid.
Fragmentation spectra of precursor ion [M + H]* for TAAHpI (/m/z595.3) were obtained by
nano-UPLC-ESI-MS/MS at collision energies 25 eV (Fig. 4A) and 50 eV (Fig. 4B).

2.2.6. Mass spectrometric characterization of standards—Stock solutions were
analyzed with ESI-MS/MS by direct injection with isocratic flow (0.5 mL/min; 50:50
water:acetonitrile) and with nano-UPLC-ESI-MS/MS. Nanoflow chromatographic
separations were carried out using the parameters described below. Instrument parameters
were optimized for each precursor ion [M + H]* and fragmentation spectra were obtained
for TAHI (m/z427.3) and TAHpl (/m/z469.3) at collision energies 25 and 35 eV (scan
range, /m/z100-500), and for TAAHI (/m/2553.3) and TAAHpI (/m/2595.3) at collision
energies 25 and 50 eV (scan range, /m/z100-600).

2.3. Study population

Urine samples were collected from 15 male spray-painters (/= 111) at 11 auto-body shops
in North Carolina with workers’ consent and by approval of the Institutional Review Board
in the Office of Human Research Ethics at The University of North Carolina at Chapel Hill.
Spot urine samples were obtained from each participating painter before the start of work
and during the workday each time he urinated. At a minimum, one pre-exposure sample and
one end-of-day sample were collected. An average of 3.4 urine samples were obtained per
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worker per day. Exposure assessment for this worker cohort, which is a part of a larger
spray-painter study cohort, has been described previously [20,21,27,30]. HDI monomer and
oligomer exposures were quantified using personal breathing-zone and skin tape-strip
sampling [20,21], and HDA levels were quantified in plasma and urine [27,30].

2.4. Sample preparation

The work-up procedure for TAHI analysis in urine involved acid hydrolysis,
dichloromethane extraction, and derivatization with acetic anhydride prior to analysis by
nano-UPLC-ESI-MS/MS. In a round-bottom borosilicate-glass centrifuge tube, an aliquot of
urine (1 mL) was spiked with 10 pL of TAHpI (0.2 ug/mL) internal standard and hydrolyzed
with sulfuric acid (100 pL) by heating at 100 °C for 16 h. The sample was then adjusted to
pH 14 with 25M sodium hydroxide (2 mL) prior to liquid—liquid extraction with
dichloromethane (3 x 2 mL). For each extraction step, dichloromethane (2 mL) was added to
the aqueous layer, the sample was vortexed, and the tubes centrifuged at 1200 RCF for 20
min. The pooled dichloromethane extracts were then derivatized with acetic anhydride (100
uL) by heating at 55 °C for 16 h on an orbital shaker. Following derivatization, excess acetic
anhydride was removed by extraction with 4 mL of 1 M mono-basic potassium phosphate
(pH 7). The sample was vortexed, centrifuged at 500 RCF for 20 min, and then 4 mL of the
dichloromethane layer was transferred to a new tube. Remaining water was removed by
absorption with anhydrous sodium sulfate (500 mg). The sample was vortexed, centrifuged
at 500 RCF for 10 min, and the organic layer transferred into a round-bottom borosilicate-
glass culture tube and dried under a gentle flow of nitrogen gas (2 psi increasing to 5 psi) in
a water bath (32 °C). The dried sample was reconstituted in 200 pL of 0.1% formic acid in
acetonitrile, sonicated, and transferred to a plastic autosampler vial (300 pL limited volume).
The sample was dried by vacuum centrifugation and reconstituted in 50 pL of 0.1% formic
acid in water prior to nano-UPLC-ESI-MS/MS analysis.

2.5. Chromatographic and mass spectrometric conditions

Urine samples were analyzed by nano-UPLC-ESI-MS/MS. Reversed phase separations were
carried out using a Symmetry C18 trapping column (5 um, 180 um x 20 mm; Waters Corp.)
coupled with an Atlantis dC18 analytical column (3 pm, 100 pm x 100 mm; Waters Corp.).
Mobile phase A consisted of 0.1% formic acid in deionized water and mobile phase B
consisted of 0.1% formic acid in acetonitrile. Samples (2 pL) were trapped at 10 uL/min
with 95% A for 1.5 min then eluted at 0.6 pL/min through the analytical column with the
linear gradient program: 95% A to 10% A over 17 min (Table S1). Precursor ions [M + H]*
were generated by electrospray in the positive-ion mode and detected by selected reaction
monitoring (SRM). Three reactions were monitored for TAAHI: m/z553.3 — 494.4 (24
eV), mlz553.3 — 212.1 (46 eV), and m/z553.3 — 130.0 (52 eV) (Fig. 5A), and for
TAAHpI: m/z595.3 — 536.4 (24 eV), m/2595.3 — 226.1 (45 eV), and m/z595.3 — 130.0
(55 eV) (Fig. 5B).

2.6. Preparation of standard curve and determination of method detection limit

Standard curves were prepared as follows. Stock solutions were prepared in 1 M H,SOy4
using the trichloride salts of TAHI (1 mg/mL, equivalent to 0.80 mg/mL free amine) and
TAHpI (1 mg/mL, equivalent to 0.81 mg/mL free amine). Excess stock solutions were stored
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at —20 °C until further use. Dilutions of the TAHI and TAHpI stocks were prepared at 3-
month intervals and stored at 4 °C. Control urine used for calibration curves was collected
from a non-exposed volunteer and processed by the experimental protocol without standard
additions to verify the absence of interferences with the product ions of TAAHI and
TAAHDpI. Calibration standards were created by spiking 20 uL of TAHI at 13 different levels
and 10 pL of TAHpl (0.2 pg/mL) into control urine (1 mL) prior to hydrolysis. Calibration
standards (V= 14) included TAHpl internal standard at 2.0 pug/L and TAHI at the following
concentrations: 0, 0.06, 0.09, 0.13, 0.19, 0.25, 0.37, 0.50, 0.75, 1.00, 2.00, 2.99, 3.99, and
7.98 pg/L. Calibration curves were generated using the TAAHI/TAAHpI instrument
response ratio and were linear from 0.06 to 7.98 pg/L (/= 13) with correlation coefficients r
>0.995 (CORREL function in Microsoft Excel 2016). TAAHI fragments /7/2130.0 and m/z
494.4 (mlz212.1 for analyte confirmation only) and all three TAAHpI fragments were
included in the TAAHI/TAAHpI instrument response ratio. Weighted linear regression was
used to fit the calibration curves according to Almeida et al. [33]. CurveExpert 1.4 for
Windows was used to evaluate linear regression weighting factors (w= x1, x2, y1 2
where x = TAAHI/TAAHDpI instrument response ratio and )= TAHI concentration). The
mean absolute percentage error (MAPE) for the experimental concentrations was calculated
in Excel to choose the best weighting scheme (MAPE < 10%). The weighting scheme (w=
Xx~2) was determined to have the lowest MAPE for all calibration curves. For quality control
of sample treatment, a control urine sample with TAHplI (2.0 ug/L) was prepared with each
batch of workers’ urine samples to verify that no TAHI contamination was present from
sample treatment or LC-MS/MS analysis. TAHI standards at three levels (0.06, 0.37, and
0.50 pg/L) were processed and analyzed in parallel with workers’ urine samples for quality
control. The analytical error was < 15% for each quality control standard. The method
detection limit (MDL) was calculated using the procedure established by the US EPA [34].
Ten control urine samples were spiked with the lowest calibration standard (0.06 pg/L TAHI;
2.0 pg/L TAHpI). Based on values in our study (s= 3.7 ng/L, N=10,andt=2.821ata =
0.1), the MDL was calculated to be 0.03 pg/L.

3. Results

3.1. Verification of TAAHI fragments in treated urine

Extracted ion chromatograms acquired by selected reaction monitoring for three TAAHI
fragments (m/2553.3 — 130.0, m/z553.3 — 212.1, and m/z553.3 — 494.4) and the total
ion chromatogram for TAAHpI (combined m/z595.3 — 130.0, 226.1, and 536.4) are
displayed in Fig. 6. Control urine from a non-exposed volunteer (Fig. 6A) and urine sample
8 from worker #7 (Fig. 6B) were each spiked with TAHpl (2.0 pg/L) prior to sample
processing. All three fragments of TAAHI were detected by SRM in treated samples using
nano-UPLC-ESI-MS/MS when TAHI was present while no TAAHI fragments were
observed in the treated control urine. For mass spectral confirmation, fragmentation spectra
were obtained for TAAHI (m/z553.3) at collision energies 25 and 50 eV (scan range, m/z
100-600) in urine sample 2 from worker #13 (Fig. 7A-B) and urine sample 3 from worker
#14 (Fig. 7C-D). The fragmentation spectra for both spray-painters’ urine samples closely
resembled the spectra obtained from the purified standard (Fig. 3A-B). TAAHI fragments
mlz130.0 and m/z494.4 and all three TAAHpI fragments were included in the TAAHI/
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TAAHpI instrument response ratio to create calibration curves for TAHI quantification. The
total ion chromatograms used for quantification are displayed in Fig. 8 for control urine
from a non-exposed volunteer spiked with 0.25 pg/L TAHI and 2.0 pg/L TAHpl (Fig. 8A)
and urine sample 8 from worker #7 spiked with 2.0 ug/L TAHpl (Fig. 8B). In both the
control urine spiked with TAHI and urine sample 8 from worker #7, internal standard
TAAHDpI peaks are produced with minimal to no signal interference and TAAHI peaks are
sensitive and specific well above background noise from the biological matrix.

3.2. TAHI in urine of spray painters

Table 1 summarizes the mean paint-time adjusted breathing-zone and skin concentrations of
HDI isocyanurate and urine levels of HDA and TAHI measured in 15 spray painters during
1-3 exposure monitoring visits. The spray-painters’ breathing-zone and skin HDI
isocyanurate exposures were measured previously [20,21]. The mean and standard deviation
for the paint-time adjusted breathing-zone exposure ranged from 70 + 39 to 34,304 + 27,191
pg/m3 and for the skin exposure from 3 + 4 to 3857 + 3882 pug/mm3. TAHI was detected in
the urine of 11 workers in concentrations up to 9.89 ug/L, with 33 of 111 urine samples
above the MDL of 0.03 pg/L. A positive linear correlation was observed between the
measured paint-time adjusted daily total breathing-zone HDI isocyanurate concentration and
the daily total urine TAHI concentration (r= 0.28 without creatinine adjustment; r=0.14
with creatinine adjustment), while the respective correlation for HDI monomer and
creatinine adjusted HDA in urine was 0.06.

4. Discussion

Inhalation and skin exposure to HDI monomer, isocyanurate, and other oligomers have been
well characterized in the automotive refinishing industry using breathing-zone sampling and
skin tape-strip sampling [18,20-22,27,29,30]. However, biological monitoring has been
limited to the metabolites of HDI monomer exposure [18,19,26,27,29-31,35,36] even
though HDI isocyanurate constitutes the largest portion of isocyanate exposure for spray-
painters [20-22]. With increasing concern over spray-painters’ predominant HDI
isocyanurate exposures, it is critical to develop a method to quantitate HDI isocyanurate
biomarkers in urine in order to delineate the biological availability of both HDI monomer
and isocyanurate. This will allow a more informed investigation of the relative potency and
dose-response relationships for HDI monomer and oligomer exposures, to establish
causality for associated health effects from monomer and/or oligomer exposures, and, thus,
to improve exposure and risk assessment for isocyanate exposures.

Gas chromatography—mass spectrometry (GC-MS) is commonly used for HDA analysis in
urine, plasma, and hemoglobin of workers or human volunteers exposed to HDI monomer
[19,26,27,29-32,35-39]. However, the derivatizing agents commonly used for HDA
analysis, heptafluorobutyric acid (HFBA) or perfluoropentanoic acid (PFPA), would yield an
HDI isocyanurate product above the mass limit of most GC-MS systems. Therefore, we
selected LC-MS as the analytical method for quantitating the amine metabolite of HDI
isocyanurate. LC-MS analysis has been used to analyze HDA as a free amine as well as
HDA derivatized with HFBA or PFPA [26,40-42]. LC-MS has also been used in analysis of
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biomarkers of exposure to methylene diphenyl diisocyanate (MDI) [43,44] and toluene
diisocyanate (TDI) [45-47]. Three methods were investigated for clean-up and concentration
of the target analyte TAHI: (1) liquid-liquid extraction (LLE), (2) solid-phase extraction
(SPE), and (3) HPLC. Significant interferences present in the urine matrix were not removed
by SPE or HPLC extraction. Based on exploratory analyses, LLE was adopted for further
method development. In addition to limiting confounding matrix effects, LLE has the
advantages of low-cost, short procedural time, and low MDL.

The experimental protocol was based on previous studies for HDI, MDI, and TDI
biomarkers in urine and plasma [18,19,26,27,30-32,35,37,39,48-50]. Acid hydrolysis is
non-selective with a higher yield of total amine from acetylated, protein-conjugated, as well
as unconjugated species [27,28,30,37] and is preferable to alkaline hydrolysis which
selectively releases mono- and di-acetylated HDA [28,37,51-53]. Dichloromethane, an
extraction solvent reported in the analytical literature [28,29,50-52,54,55], was observed to
be the most suitable solvent in our exploratory analysis for LLE, combining low matrix
effects with high sensitivity. Sakai et al. reported dichloromethane was the most efficient
extraction solvent for isomeric diaminotoluenes 2,4- and 2,6-TDA [45]. Three additional
extraction solvents reported in the analytical literature were also investigated in this study
for analysis by nano-UPLC-ESI-MS/MS analysis: toluene, the most commonly used solvent
[18,19,26,27,30-33,35,39,42,48], hexane, and ethyl acetate [45,52,56]. No analyte could be
detected by extraction with hexane or toluene, and confounding matrix effects persisted with
ethyl acetate.

MDLs for nano-UPLC-ESI-MS/MS analysis were determined for the free amine, and the
acetyl and HFBA derivatives. MDLs for TAHI and TAHI-HFBA were poor, ranging from
0.6 to 2.0 ug/L following work-up by LLE, SPE, or HPLC. By contrast, the MDL of the
acetylated derivative generated by treatment of the free amine with acetic anhydride was 20-
to 60-fold lower than that of TAHI or TAHI-HFBA.. Acetylated amines (acetamides)
protonate well with positive electrospray ionization under acidic conditions and are highly
sensitive with LC-MS analysis. The MDL (0.03 ug/L) and the calibration curve range 0.06
t0 7.98 pg/L (w= x~2, R = 0.995) determined for TAHI are similar to those recently
reported in the literature for HDA analysis in urine by GC-MS (0.04 pg/L and 0.08 to 20.0
Hg/L; w= y 2 RZ=0.98, respectively) [30].

This new method for analysis of TAHI is key to understanding the toxicokinetics of this
biomarker and to establish the urinary half-life of TAHI. Currently, it is unknown whether
the metabolism and excretion of HDI isocyanurate follows a pattern similar to that of HDI
monomer. The observed difference between the number of urine samples with detectable
HDA and TAHI cannot be solely explained by the breathing-zone and skin exposure levels
to HDI monomer and HDI isocyanurate. HDI monomer comprised < 1% of total HDI
species (monomer, uretdione, biuret, and isocyanurate) while HDI isocyanurate comprised >
90% of all HDI species quantified in the breathing-zone, skin tape-stripping, and spray-paint
mixtures. The mean HDI isocyanurate concentration in the spray-paint mixtures used was
66,637 mg/L compared to 196 mg/L for HDI monomer, which is reflected in the significant
differences observed between the mean paint-time adjusted breathing-zone concentration for
HDI isocyanurate and HDI monomer (15,946 ug/m3 and 65 pg/m3, respectively) and the
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mean skin concentration (670 pg/mm?3 and 3 pg/mm3, respectively). Despite the greater
exposures to HDI isocyanurate, TAHI was detected in 11 of 15 workers’ urine samples while
HDA was detected in all 15 workers’ urine samples. However, the maximum concentration
detected for both biomarkers was comparable (9.89 pg/L for TAHI; 10.11 ug/L for HDA). In
this study, urine samples were collected during the same day that the exposure monitoring
was conducted, and thus, limited our ability to determine the exact half-life of urinary TAHI,
which may be longer than the half-life of 2.9 h for HDA [30]. The HDA and TAHI
biomarker analyses developed in our laboratory can be applied in future studies to discern
the metabolism and elimination of TAHI to inform the toxicokinetics of HDI isocyanurate
exposure.

5. Conclusions

This is the first report of an LC-MS determination (nano-UPLC-ESI-MS/MS) and
quantification of a biomarker, TAHI, in the urine of HDI isocyanurate-exposed workers. As
is the case for the urine biomarker HDA, the urine biomarker TAHI quantified in our
analysis is the sum of free, acetylated, and protein-conjugated metabolites. In the short term,
measurement of TAHI as a biomarker for HDI isocyanurate exposure allows investigation of
the relationship between inhalation and skin exposure, work practices and work
environment, and the source of variance in biomarker levels in the spray-painter cohort. It is
note-worthy that the positive linear correlation observed between the measured paint-time
adjusted daily total breathing-zone HDI isocyanurate concentration and the daily total urine
TAHI concentration (r= 0.28 without creatinine adjustment; = 0.14 with creatinine
adjustment) was much stronger than the respective correlation for HDI monomer and
creatinine adjusted HDA in urine (r=0.06) in this study population of North Carolina
automotive spray-painters (/7= 15). Measurement of HDA in urine of spray painters has
established a biphasic urinary half-life [30]. This new method for biomarker analysis of
TAHI will allow us to determine whether urinary TAHI follows a similar pattern in future
studies. Such studies will improve isocyanate exposure assessment through characterization
of exposure-dose relationships for both HDI monomer and HDI isocyanurate in
occupationally exposed populations. Additional studies will be necessary to apportion the
individual monomer and oligomer contributions to total dose. Since HDI isocyanurate
inhalation and skin exposure levels are significantly higher than levels of HDI monomer in
the spray-painting environment and HDI isocyanurate is potentially a more potent
sensitizing agent [16,23], the measurement of TAHI as a direct biomarker of HDI
isocyanurate dose will be critical in evaluating the potency and role of HDI isocyanurate
exposure in the development of sensitization and adverse respiratory effects. The widespread
occupational exposure to HDI isocyanurate makes research of uptake and metabolism
imperative. In the long term, the utility of TAHI as a biomarker will be important in
toxicological studies directed at establishing the mode of action of HDI isocyanurate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

J Chromatogr B Analyt Technol Biomed Life Sci. Author manuscript; available in PMC 2021 March 31.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Robbins et al.

Acknowledgments

Page 10

The authors are grateful to the automobile-repair shop workers who volunteered to participate in the study and
acknowledge Leonard Collins of the UNC Biomarker Mass Spectrometry Facility for his assistance with LC-
MS/MS. This work was supported by the National Institute for Occupational Safety and Health (R01-OH007598,
R01-OH010476, and T42-OH008673) and the National Institute of Environmental Health Sciences (P30-

ES010126).

Abbreviations:
BC NMR

ESI
GC-MS
IH NMR
HDA
HDI
HFBA
LC-MS
LLE
MAPE
MDI
MDL
PFPA
SPE
SRM
TAAHI
TAAHDI
TAHI
TAHpI
TDA
TDI

UPLC

carbon-13 nuclear magnetic resonance spectroscopy
electrospray ionization

gas chromatography—mass spectrometry
proton nuclear magnetic resonance spectroscopy
1,6-diaminohexane

1,6-hexamethylene diisocyanate
heptafluorobutyric acid

liquid chromatography-mass spectrometry
liquid-liquid extraction

mean absolute percentage error

methylene diphenyl diisocyanate

method detection limit
perfluoropentanoic acid

solid-phase extraction

selected reaction monitoring
trisacetamidohexyl isocyanurate
trisacetamidoheptyl isocyanurate
trisaminohexyl isocyanurate
trisaminoheptyl isocyanurate
toluenediamine

toluene diisocyanate

ultra-performance liquid chromatography

J Chromatogr B Analyt Technol Biomed Life Sci. Author manuscript; available in PMC 2021 March 31.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Robbins et al. Page 11

References

[1]. EPA, The Clean Air Act Amendments of 1990 List of Hazardous Air Pollutants, U.S.
Environmental Protection Agency, 2016 (Available from), https://www3.epa.gov/airtoxics/
orig189.html.

[2]. NIOSH, Preventing Asthma and Death from Diisocyanate Exposure, DHHS (NIOSH) Publication
Number 96-111, U.S. Department of Health and Human Services, Public Health Service, Centers
for Disease Control, National Institute for Occupational Safety and Health, 1996 (Available
from), https://www.cdc.gov/niosh/docs/96-111/.

[3]. Weber J, A Summary of Health Hazard Evaluations: Issues Related to Occupational Exposure to
Isocyanates, 1989 to 2002, U.S. Department of Health and Human Services, Centers for Disease
Control and Prevention, National Institute for Occupational Safety and Health, 2004 (Available
from), https://www.cdc.gov/niosh/docs/2004-116/pdfs/2004-116.pdf.

[4]. NIOSH, Criteria Documents - Criteria for a Recommended Standard: Occupational Exposure to
Diisocyanates, DHHS (NIOSH) Publication Number 78-215, U.S. Department of Health and
Human Services, Public Health Service, Centers for Disease Control and Prevention, National
Institute for Occupational Safety and Health, 1978 (Available from), https://www.cdc.gov/niosh/
docs/78-215/.

[5]. Kelly TJ, Myers JD, Holdren MW, Testing of household products and materials for emission of
toluene diisocyanate, Indoor Air 9 (1999) 117-124. [PubMed: 10390936]

[6]. Darcey D, Lipscomb HJ, Epling C, Pate W, Cherry LP, Bernstein J, Clinical findings for residents
near a polyurethane foam manufacturing plant, Arch. Environ. Health 57 (2002) 239-246.
[PubMed: 12507178]

[7]. Jarand CW, Akapo SO, Swenson LJ, Kelman BJ, Diisocyanate emission from a paint product: a
preliminary analysis, Appl. Occup. Environ. Hyg 17 (2002) 491-494. [PubMed: 12083169]

[8]. Bello D, Herrick CA, Smith TJ, Woskie SR, Streicher RP, Cullen MR, Liu Y, Redlich CA, Skin
exposure to isocyanates: reasons for concern, Environ. Health Perspect 115 (2007) 328-335.
[PubMed: 17431479]

[9]. Bello D, Sparer J, Redlich CA, Ibrahim K, Stowe MH, Liu Y, Slow curing of aliphatic
polyisocyanate paints in automotive refinishing: a potential source for skin exposure, J. Occup.
Environ. Hyg 4 (2007) 406-411. [PubMed: 17474030]

[10]. Wilder LC, Langley RL, Middleton DC, Ernst K, Lummus ZL, Streicher RP, Campbell DS,
Wattigney WA, Bernstein JA, Bernstein DI, Dearwent SM, Communities near toluene
diisocyanate sources: an investigation of exposure and health, J. Expo. Sci. Environ. Epidemiol
21 (2011) 587-594. [PubMed: 21343954]

[11]. NCDOL, A guide to occupational exposure to isocyanates, N.C. Deptartment of Labor,
Occupational Safety and Health Division, 2011 (Available from), https:/files.nc.gov/ncdol/osh/
publications/ig46.pdf?2iQrl1Ggl.kub514dNyXWaaxz_dw5bTD.

[12]. Vandenplas O, Malo JL, Saetta M, Mapp CE, Fabbri LM, Occupational asthma and extrinsic
alveolitis due to isocyanates: current status and perspectives, Br. J. Ind. Med 50 (1993) 213-228.
[PubMed: 8457488]

[13]. Chan-Yeung M, Malo JL, Occupational asthma N Engl. J. Med 333 (1995) 107-112.

[14]. Bernstein JA, Overview of diisocyanate occupational asthma, Toxicology 111 (1996) 181-189.
[PubMed: 8711734]

[15]. Piirila PL, Nordman H, Keskinen HM, Luukkonen R, Salo SP, Tuomi TO, Tuppurainen M, Long-
term follow-up of hexamethylene diisocyanate-, diphenylmethane diisocyanate-, and toluene
diisocyanate-induced asthma, Am. J. Respir. Crit. Care Med 162 (2000) 516-522. [PubMed:
10934080]

[16]. Aalto-Korte K, Pesonen M, Kuuliala O, Alanko K, Jolanki R, Contact allergy to aliphatic
polyisocyanates based on hexamethylene-1,6-diisocyanate (HDI), Contact Dermatitis 63 (2010)
357-363. [PubMed: 21070224]

[17]. Goossens A, Detienne T, Bruze M, Occupational allergic contact dermatitis caused by
isocyanates, Contact Dermatitis 47 (2002) 304-308. [PubMed: 12534536]

J Chromatogr B Analyt Technol Biomed Life Sci. Author manuscript; available in PMC 2021 March 31.


https://www3.epa.gov/airtoxics/orig189.html
https://www3.epa.gov/airtoxics/orig189.html
https://www.cdc.gov/niosh/docs/96-111/
https://www.cdc.gov/niosh/docs/2004-116/pdfs/2004-116.pdf
https://www.cdc.gov/niosh/docs/78-215/
https://www.cdc.gov/niosh/docs/78-215/
https://files.nc.gov/ncdol/osh/publications/ig46.pdf?2iQrl1Gg1.kub5l4dNyXWaaxz_dw5bTD
https://files.nc.gov/ncdol/osh/publications/ig46.pdf?2iQrl1Gg1.kub5l4dNyXWaaxz_dw5bTD

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Robbins et al.

[18].

[19].

[20].

[21].

[22].

Page 12

Pronk A, Yu F, Vlaanderen J, Tielemans E, Preller L, Bobeldijk I, Deddens JA, Latza U, Baur X,
Heederik D, Dermal, inhalation, and internal exposure to 1,6-HDI and its oligomers in car body
repair shop workers and industrial spray painters, Occup. Environ. Med 63 (2006) 624—631.
[PubMed: 16728504]

Maitre A, Berode M, Perdrix A, Stoklov M, Mallion JM, Savolainen H, Urinary hexane diamine
as an indicator of occupational exposure to hexamethylene diisocyanate, Int. Arch. Occup.
Environ. Health 69 (1996) 65-68. [PubMed: 9017437]

Fent KW, Gaines LG, Thomasen JM, Flack SL, Ding K, Herring AH, Whittaker SG, Nylander-
French LA, Quantification and statistical modeling—part I: breathing-zone concentrations of
monomeric and polymeric 1,6-hexamethylene diisocyanate, Ann. Occup. Hyg 53 (2009) 677—
689. [PubMed: 19622637]

Fent KW, Trelles Gaines LG, Thomasen JM, Flack SL, Ding K, Herring AH, Whittaker SG,
Nylander-French LA, Quantification and statistical modeling—part 11: dermal concentrations of
monomeric and polymeric 1,6-hexamethylene diisocyanate, Ann. Occup. Hyg 53 (2009) 691-
702. [PubMed: 19635734]

Reeb-Whitaker C, Whittaker SG, Ceballos DM, Weiland EC, Flack SL, Fent KW, Thomasen JM,
Trelles Gaines LG, Nylander-French LA, Airborne isocyanate exposures in the collision repair
industry and a comparison to occupational exposure limits, J. Occup. Environ. Hyg 9 (2012)
329-339. [PubMed: 22500941]

[23]. Zissu D, Binet S, Limasset JC, Cutaneous sensitization to some polyisocyanate prepolymers in

[24].

[25].

[26].

[27].

[28].

[29].

[30].

[31].

[32].

[33].

guinea pigs, Contact Dermatitis 39 (1998) 248-251. [PubMed: 9840262]

Vandenplas O, Cartier A, Lesage J, Cloutier Y, Perreault G, Grammer LC, Shaughnessy MA,
Malo JL, Prepolymers of hexamethylene diisocyanate as a cause of occupational asthma, J.
Allergy Clin. Immunol 91 (1993) 850-861. [PubMed: 8473673]

Thomasen JM, Nylander-French LA, Penetration patterns of monomeric and polymeric 1,6-
hexamethylene diisocyanate monomer in human skin, J. Environ. Monit 14 (2012) 951-960.
[PubMed: 22293954]

Tinnerberg H, Skarping G, Dalene M, Hagmar L, Test chamber exposure of humans to 1,6-
hexamethylene diisocyanate and isophorone diisocyanate, Int. Arch. Occup. Environ. Health 67
(1995) 367-374. [PubMed: 8567087]

Flack SL, Fent KW, Trelles Gaines LG, Thomasen JM, Whittaker S, Ball LM, Nylander-French
LA, Quantitative plasma biomarker analysis in HDI exposure assessment, Ann. Occup. Hyg 54
(2010) 41-54. [PubMed: 19805392]

Flack SL, Ball LM, Nylander-French LA, Occupational exposure to HDI: progress and
challenges in biomarker analysis, J. Chromatogr. B Anal. Technol. Biomed. Life Sci 878 (2010)
2635-2642.

Flack SL, Fent KW, Gaines LG, Thomasen JM, Whittaker SG, Ball LM, Nylander-French LA,
Hemoglobin adducts in workers exposed to 1,6-hexamethylene diisocyanate, Biomarkers 16
(2011) 261-270. [PubMed: 21506697]

Gaines LG, Fent KW, Flack SL, Thomasen JM, Ball LM, Richardson DB, Ding K, Whittaker SG,
Nylander-French LA, Urine 1,6-hexamethylene diamine (HDA) levels among workers exposed to
1,6-hexamethylene diisocyanate (HDI), Ann. Occup. Hyg 54 (2010) 678-691. [PubMed:
20530123]

Rosenberg C, Nikkila K, Henriks-Eckerman ML, Peltonen K, Engstrorm K, Biological
monitoring of aromatic diisocyanates in workers exposed to thermal degradation products of
polyurethanes, J. Environ. Monit 4 (2002) 711-716. [PubMed: 12400919]

Liu Y, Berode M, Stowe MH, Holm CT, Walsh FX, Slade MD, Boeniger MF, Redlich CA,
Urinary hexane diamine to assess respiratory exposure to hexamethylene diisocyanate aerosol: a
human inhalation study, Int. J. Occup. Environ. Health 10 (2004) 262-271. [PubMed: 15473079]
Almeida AM, Castel-Branco MM, Falcao AC, Linear regression for calibration lines revisited:
weighting schemes for bioanalytical methods, J. Chromatogr. B Anal. Technol. Biomed. Life Sci
774 (2002) 215-222.

J Chromatogr B Analyt Technol Biomed Life Sci. Author manuscript; available in PMC 2021 March 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Robbins et al.

[34].

[35].

[36].

[37].

[38].

[39].

[40].

[41].

[42].

[43].

[44].

[45].

[46].

[47].

[48].

[49].

[50].

Page 13

EPA, Definition and Procedure for the Determination of the Method Detection Limit, Revision 2,
U.S. Environmental Protection Agency, 2016, pp. 1-8 (Available from), https://www.epa.gov/
sites/production/files/2016-12/documents/mdl-procedure_rev2_ 12-13-2016.pdf.

Brorson T, Skarping G, Nielsen J, Biological monitoring of isocyanates and related amines. I1.
Test chamber exposure of humans to 1,6-hexamethylene diisocyanate (HDI), Int. Arch. Occup.
Environ. Health 62 (1990) 385-389. [PubMed: 2228259]

Williams NR, Jones K, Cocker J, Biological monitoring to assess exposure from use of
isocyanates in motor vehicle repair, Occup. Environ. Med 56 (1999) 598-601. [PubMed:
10615291]

Brorson T, Skarping G, Sandstrom JF, Stenberg M, Biological monitoring of isocyanates and
related amines. I. Determination of 1,6-hexamethylene diamine (HDA) in hydrolysed human
urine after oral administration of HDA, Int. Arch. Occup. Environ. Health 62 (1990) 79-84.
[PubMed: 2295527]

Dalene M, Skarping G, Brorson T, Chromatographic determination of amines in biological fluids
with special reference to the biological monitoring of isocyanates and amines. V. Determination
of 1,6-hexamethylenediamine in human urine using capillary gas chromatography and selective
ion monitoring, J. Chromatogr 516 (1990) 405-413. [PubMed: 2079495]

Skarping G, Dalene M, Svensson BG, Littorin M, Akesson B, Welinder H, Skerfving S,
Biomarkers of exposure, antibodies, and respiratory symptoms in workers heating polyurethane
glue, Occup. Environ. Med 53 (1996) 180-187. [PubMed: 8704859]

Skarping G, Dalene MD, Tinnerberg H, Biological monitoring of hexamethylene- and
isophorone-diisocyanate by the determination of hexamethylene- and isophorone-diamine in
hydrolysed urine using liquid chromatography and mass spectrometry, Analyst 119 (1994) 2051—
2055. [PubMed: 7978332]

Littorin M, Rylander L, Skarping G, Dalene M, Welinder H, Stromberg U, Skerfving S, Exposure
biomarkers and risk from gluing and heating of polyurethane: a cross sectional study of
respiratory symptoms, Occup. Environ. Med 57 (2000) 396-405. [PubMed: 10810129]

Marand A, Karlsson D, Dalene M, Skarping G, Determination of amines as pentafluoropropionic
acid anhydride derivatives in biological samples using liquid chromatography and tandem mass
spectrometry, Analyst 129 (2004) 522-528. [PubMed: 15152330]

Skarping G, Dalene M, Brunmark P, Liquid-chromatography and mass-spectrometry
determination of aromatic-amines in hydrolyzed urine from workers exposed to thermal-
degradation products of polyurethane, Chromatographia 39 (1994) 619-623.

Robert A, Ducos P, Francin JM, Marsan P, Biological monitoring of workers exposed to 4,4’ -
methylenedipheny! diisocyanate (MDI) in 19 French polyurethane industries, Int. Arch. Occup.
Environ. Health 80 (2007) 412-422. [PubMed: 17061110]

Sakai T, Morita Y, Kim Y, Tao YX, LC-MS determination of urinary toluenedia-mine in workers
exposed to toluenediisocyanate, Toxicol. Lett 134 (2002) 259-264. [PubMed: 12191886]

Marand A, Karlsson D, Dalene M, Skarping G, Extractable organic compounds in polyurethane
foam with special reference to aromatic amines and derivatives thereof, Anal. Chim. Acta 510
(2004) 109-1109.

Carbonnelle P, Boukortt S, Lison D, Buchet JP, Determination of toluenedia-mines in urine of
workers occupationally exposed to isocyanates by high-performance liquid chromatography,
Analyst 121 (1996) 663-669. [PubMed: 8779450]

Sennbro CJ, Lindh CH, Tinnerberg H, Gustavsson C, Littorin M, Welinder H, Jonsson BA,
Development, validation and characterization of an analytical method for the quantification of
hydrolysable urinary metabolites and plasma protein adducts of 2,4- and 2,6-toluene
diisocyanate, 1,5-naphthalene diisocyanate and 4,4”-methylenediphenyl diisocyanate,
Biomarkers 8 (2003) 204-217. [PubMed: 12944173]

Dalene M, Skarping G, Brunmark P, Assessment of occupational exposure to 4,4 -
methylenedianiline by the analysis of urine and blood samples, Int. Arch. Occup. Environ. Health
67 (1995) 67-72. [PubMed: 7672859]

Sabbioni G, Wesp H, Lewalter J, Rumler R, Determination of isocyanate biomarkers in
construction site workers, Biomarkers 12 (2007) 468-483. [PubMed: 17701746]

J Chromatogr B Analyt Technol Biomed Life Sci. Author manuscript; available in PMC 2021 March 31.


https://www.epa.gov/sites/production/files/2016-12/documents/mdl-procedure_rev2_12-13-2016.pdf
https://www.epa.gov/sites/production/files/2016-12/documents/mdl-procedure_rev2_12-13-2016.pdf

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Robbins et al. Page 14

[51]. Sepai O, Henschler D, Sabbioni G, Albumin adducts, hemoglobin adducts and urinary
metabolites in workers exposed to 4,4”-methylenediphenyl diisocyanate, Carcinogenesis 16
(1995) 2583-2587. [PubMed: 7586170]

[52]. Sepai O, Schutze D, Heinrich U, Hoymann HG, Henschler D, Sabbioni G, Hemoglobin adducts
and urine metabolites of 4,4”-methylenedianiline after 4,4"-methylenediphenyl diisocyanate
exposure of rats, Chem. Biol. Interact 97 (1995) 185-198. [PubMed: 7606816]

[53]. Pauluhn J, Critical analysis of biomonitoring endpoints for measuring exposure to polymeric
diphenyl-methane-4,4’-diisocyanate (MDI) in rats: a comparison of markers of exposure and
markers of effect, Arch. Toxicol 76 (2002) 13-22. [PubMed: 11875620]

[54]. Kaaria K, Hirvonen A, Norppa H, Piirila P, Vainio H, Rosenberg C, Exposure to 2,4- and 2,6-
toluene diisocyanate (TDI) during production of flexible foam: determination of airborne TDI
and urinary 2,4- and 2,6-toluenediamine (TDA), Analyst 126 (2001) 1025-1031. [PubMed:
11478630]

[55]. Sakai T, Morita Y, Roh J, Kim H, Kim Y, Improvement in the GC-MS method for determining
urinary toluene-diamine and its application to the biological monitoring of workers exposed to
toluene-diisocyanate, Int. Arch. Occup. Environ. Health 78 (2005) 459-466. [PubMed:
15918038]

[56]. Bailey E, Brooks AG, Bird I, Farmer PB, Street B, Monitoring exposure to 4,4"-
methylenedianiline by the gas chromatography-mass spectrometry determination of adducts to
hemoglobin, Anal. Biochem 190 (1990) 175-181. [PubMed: 2291463]

J Chromatogr B Analyt Technol Biomed Life Sci. Author manuscript; available in PMC 2021 March 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Robbins et al.

1,6-Hexamethylene Diisocyanate
(CgH412N,0,) MW 168.2

4
V4

OYNH

/T\

HDI Biuret H=c—0

(C3H35NgOs) MW 478.6

Fig. 1.

Molecular structures of 1,6-hexamethylene diisocyanate monomer and its oligomers

uretdione, biuret, and isocyanurate.

0O=—=C=—0N

Page 15

K

HDI Uretdione

(C16H24N,O4) MW 336.4

/

T
T

HDI Isocyanurate

/C

(C,4H36N50g) MW 504.6

J Chromatogr B Analyt Technol Biomed Life Sci. Author manuscript; available in PMC 2021 March 31.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Robbins et al.

H,N

H,N
TAHI (Cy;H,NgOs) m/z 426.3
N 0 \nﬁo
\/\/\/\ \/\/\/\
\[c])/ NJLN

TAAHI (Cy;H,sNgOg) m/z 552.4

Fig. 2.

NH,
TAHDI (CyqH,gNeO3) m/z 468.4

)J\”/\/\/\/\N)OkN\/\/\/\/N\g

O)\N AO

NH
o=

TAAHpI (CaoHgsNgOg) m/z 594.4

Chemical structures of [A] trisaminohexyl isocyanurate (TAHI), [B] trisacetamidohexy!l
isocyanurate (TAAHI), [C] trisaminoheptyl isocyanurate (TAHpI), and [D]

trisacetamidoheptyl isocyanurate (TAAHpI).

J Chromatogr B Analyt Technol Biomed Life Sci. Author manuscript; available in PMC 2021 March 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Robbins et al. Page 17

a
553.5
100
494.3
90
i o \J;O
b N N SN | \/\/\/‘
o NTON
oo
70
8
c 60
] - 5114
° @
< HN
o
£ 50 s
o
2
©
T 40
o
30
43514522
20
10 393.1
130.2 2122 I ' i N L
0 L | Y 1 L Ll L L
120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600
m/z
129.9
100
90 Iy b i
N %} NH
N L J\/\f
o NN
80 oo
70
2122
® ®
3] HN
c 60 2! o
s r
5
3932
£ 50
o
2 311.2
©
T 40
o
30
20
10
J 4522
469.6
ot .AJ.;LIL ujl.‘,.;ll I. " 1111

120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600
m/z

Fig. 3.

A:g Fragmentation spectrum of precursor ion [M + H]* for TAAHI (/7/2553.3) obtained by
direct injection ESI-MS/MS operated in positive ion-mode with electrospray ionization
(scan range, m/z100-600; collision energy, 25 eV).

B: Fragmentation spectrum of precursor ion [M + H]* for TAAHI (/7/2553.3) obtained by
direct injection ESI-MS/MS operated in positive ion-mode with electrospray ionization
(scan range, m/z100-600; collision energy, 50 eV).
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Fig. 4.

A:g Fragmentation spectrum of precursor ion [M + H]* for TAAHpI (/7/2595.3) obtained by
nano-UPLC-ESI-MS/MS operated in positive ion-mode with nano-electrospray ionization
(scan range, m/z100-600; collision energy, 25 eV).

B: Fragmentation spectrum of precursor ion [M + H]* for TAAHpI (/7/2595.3) obtained by
nano-UPLC-ESI-MS/MS operated in positive ion-mode with nano-electrospray ionization
(scan range, m/z100-600; collision energy, 50 eV).
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Fig. 5.
[A] TAAHI mass spectral fragments and [B] TAAHpI mass spectral fragments.
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Fig. 6.

[Agl Extracted ion chromatograms acquired by selected reaction monitoring for TAAHI: mlz
553.3 — 130.0, m/z553.3 — 212.1, and m/z553.3 — 494.4, and total ion chromatogram
for TAAHpI (combined m/z595.3 — 130.0, 226.1, and 536.4); obtained for control urine
spiked with TAHpI (2.0 ug/L).

[B] Extracted ion chromatograms acquired by selected reaction monitoring for TAAHI: m/z
553.3 — 130.0, m/2553.3 — 212.1, and m/z553.3 — 494.4, and total ion chromatogram
for TAAHpI (combined m/2595.3 — 130.0, 226.1, and 536.4); obtained for urine sample 8
from worker #7 spiked with TAHpI (2.0 pg/L) and a calculated concentration of 0.36 ug/L
for TAHI.
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A:gFragmentation spectrum of precursor ion [M + H]* for TAAHI (/m/2553.3) in urine
sample 2 from worker #13 (TAHI 3.98 pg/L). Spectrum was obtained by nano-UPLC-ESI-
MS/MS operated in positive ion-mode with nano-electrospray ionization (scan range, m/z
100-600; collision energy, 25 eV).

B: Fragmentation spectrum of precursor ion [M + H]* for TAAHI (/7/2553.3) in urine
sample 2 from worker #13 (TAHI 3.98 pg/L). Spectrum was obtained by nano-UPLC-ESI-
MS/MS operated in positive ion-mode with nano-electrospray ionization (scan range, m/z
100-600; collision energy, 50 eV).

C: Fragmentation spectrum of precursor ion [M + H]* for TAAHI (/7m/2553.3) in urine
sample 3 from worker #14 (TAHI 9.89 pg/L). Spectrum was obtained by nano-UPLC-ESI-
MS/MS operated in positive ion-mode with nano-electrospray ionization (scan range, m/z
100-600; collision energy, 25 eV).

J Chromatogr B Analyt Technol Biomed Life Sci. Author manuscript; available in PMC 2021 March 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Robbins et al. Page 23

D: Fragmentation spectrum of precursor ion [M + H]* for TAAHI (/m/2553.3) in urine
sample 3 from worker #14 (TAHI 9.89 pg/L). Spectrum was obtained by nano-UPLC-ESI-
MS/MS operated in positive ion-mode with nano-electrospray ionization (scan range, m/z
100-600; collision energy, 50 eV).
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Fig. 8.

[Agl Total ion chromatograms acquired by selected reaction monitoring for TAAHI
(combined m/z553.3 — 130.0 and 494.4) and TAAHpI (combined /m/z595.3 — 130.0,
226.1, and 536.4); obtained for control urine spiked with TAHI (0.25 pg/L) and TAHpl (2.0
ug/L). [B] Total ion chromatograms acquired by selected reaction monitoring for TAAHI
(combined m/z553.3 — 130.0 and 494.4), and TAAHpI (combined m/2595.3 — 130.0,
226.1, and 536.4); obtained for urine sample 8 from worker #7 spiked with TAHpI (2.0
ug/L) and a calculated concentration of 0.36 pg/L for TAHI.
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